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“Every great and deep difficulty bears in itself its own solution. It forces us to change our
thinking in order to find it.”
Niels Bohr

vAbstract
The Advanced Telescope for High-ENergy Astrophysics (ATHENA) was selected
by the European Space Agency (ESA) as their future flagship to study X-rays gen-
erated in the hot and energetic Universe. ATHENA’s foreseen throughput and
spectral resolution will provide ground-breaking science about active galactic nu-
cleus, black holes, galaxy formation etc.
ESA is continuing its efforts to mature the optics technology and the associated
mass production techniques for ATHENA. The optics technology is based on the
state-of-the-art Silicon Pore Optics mirror technology employing a bi-layer coating
composed of iridium and boron carbide (top-layer). The boron carbide is of great
significance to achieve the science objectives of ATHENA. The low density mate-
rial increases the effective area of the optics at 1 keV.
For the mission to be formally adopted (planned for late 2021) efforts are driven
by the programmatic and technical requirement of reaching technology readiness
level 6, including industrializing the mirror plate coatings.
The main purpose of this thesis was to establish a new coating facility dedi-
cated for the ATHENA mission to demonstrate the capability of processing 300
mirror plates per day (∼100,000 mirror plates in a time-frame of two years), while
at the same time reproducing stabile coatings. This work included the design, in-
stall, test, and commission of a new coating machine, to which the well-established
coating process and techniques developed at the Technical University of Denmark
(DTU) Space were successfully transferred. A direct current magnetron sputtering
drum coater (BS1500S) was purchased and set to work in the Netherlands in-line
with the stacking facility. Experiments were established to investigate the film
quality and the coating uniformity. The iridium thin film quality deposited in the
BS1500S fulfilled the requirements listed by ESA, having excellent X-ray reflecting
properties and chemical process compatibility. The boron carbide thin films indi-
cated good time stability with a dense structure. A preliminary result implies that
the boron carbide thin film is fairly resistant to the chemical exposure.
In parallel with the establishment of the new coating facility, a continuation of
the iridium and boron carbide thin film deposition technology was carried out.
Efforts to increase the effective area at 6 keV led to the development of an opti-
mized linear graded multilayer composed of iridium and boron carbide that was
deposited on mirror plates, after which they were exposed to a chemical process
to enable atomic bonding of the mirror plates. The thickness, density and rough-
ness of the iridium and boron carbide layers were derived by modeling the X-ray
reflectance in an energy range from 3.4 – 10.0 keV.
The composition and the time-stability of non-reactively and reactively sputtered
iridium and boron carbide single layers were systematically studied. The films
were characterized by means of X-ray photoelectron spectroscopy and 8.047 keV
X-ray reflectometry. The iridium films were stabile with time; this was shown from
the reflectivity curves. Another result was observed for the boron carbide films, for
which the measured reflectances indicated a significant reduction in layer thick-
ness within a week. Indications of boron oxide formation on the surface of the
boron carbide thin films propagating into the film interior with time were shown
in the composition study. The boron carbide composition was changing rapidly
when stored in atmospheric environment.
The stability of the boron carbide thin films indicated a strong chamber and
target material dependency, showing the complexity of employing the material for
X-ray optics and raising the awareness of potential degradation with time.
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Résumé
Det avancerede teleskop for høj-energi astrofysik (ATHENA) blev valgt af den
Europæiske Rumorganisation (ESA) som deres fremtidige flagskib for at studere
røntgenstråler der genereres i det varme og energetiske Univers. ATHENA’s for-
ventede opsamlingsareal og spektralopløsning vil bidrage med en banebrydende
videnskab om aktive galaktiske kerner, sorte huller, galakseformationer osv.
ESA fortsætter sine bestræbelser på at modne optikteknologien og de tilhørende
masseproduktionsteknikker til ATHENA. Optikteknologien er baseret på den
avanceret Silicon Pore Optics spejlteknologi, der anvender iridium og borkarbid
tyndfilmbelægninger. Borkarbid-laget er af stor betydning for at opnå ATHENA’s
videnskabelige mål. Materialet, der med sin lave massefylde øger det effektive
areal af optikken ved 1 keV betydeligt.
For at missionen formelt kan adopteres (planlagt i slutningen af 2021) er ind-
satsen drevet af det programmatiske og tekniske krav om at nå teknologi ud-
viklingsniveauet 6, der indebærer industrialisering af tyndfilmsbelægningerne til
spejlene.
Hovedformålet med denne afhandling var at etablere et nyt tyndfilmsbelægn-
ingsfacilitet dedikeret til ATHENA missionen med henblik på at demonstrere ev-
nen til at fabrikere 300 spejle per dag (∼100.000 spejle i en tidsramme på to år),
samtidig med at reproducere stabile tyndfilmsbelægninger. Dette omfatter design,
installation, test og idriftsættelse af en ny pådampningsmaskine. Den veletablerede
tyndfilmsbelægningsproces udviklet på Danmarks Tekniske Universitet (DTU) blev
succesfuldt overført til den nye maskine. En DC magnetron pådampningsmask-
ine (BS1500S) blev købt og sat i drift i Holland forbundet med stablingsfacilitetet.
Eksperimenter blev etableret for at undersøge tyndfilmskvaliteten og tyndfilmens
uniformitet. Iridium filmene der blev deponeret i BS1500S opfyldte kravene opstil-
let af ESA. Filmen viste fremragende røntgenreflekterende egenskaber og kemisk
proceskompatibilitet. Tynde film af borkarbid indikerede en god stabilitet med en
tæt struktur. Et foreløbigt resultat indebærer, at tyndfilmen af borkarbid er rimelig
resistent over for den kemiske proces.
Parallelt med etableringen af det nye deponeringsfacilitet fortsatte udviklingen
af iridium- og borkarbid-deponeringsteknikken. Bestræbelserne for at øge det ef-
fektive areal ved 6 keV førte til udviklingen af et optimeret lineært graderet multi-
lag bestående af iridium og borkarbid. Dette blev deponeret på spejlene, hvorefter
spejlene og filmen blev udsat for en kemisk proces for at muliggøre stablingen
af spejlene ved brug af atombindingerne. Tykkelsen, tætheden og ruheden af
iridium- og borkarbid-lagene blev beregnet ved at modellere røntgenreflektansen
i et energiområde fra 3,4 – 10,0 keV.
Kompositionen og tidsstabiliteten af iridium- og borkarbid-enkeltlag der blev på-
dampet med en ikke-reaktiv og reaktiv deponeringsprocess blev undersøgt sys-
tematisk. Filmene blev karakteriseret ved hjælp af røntgenfotoelektron-spektroskopi
og 8,047 keV røntgenreflektometri. Iridium filmene var stabile over tid. Dette blev
observeret ud fra refleksivitetskurverne. Det modsatte blev observeret for borkar-
bid filmene, for hvilke de målte reflektivitetskurver viste en betydelig reduktion i
lagtykkelse inden for en uge. Der var indikationer af boroxiddannelse i overfladen
af borkarbidfilmene. Ilten trængte med tiden ind i filmen, hvilket blev eftervist
i kompositionsundersøgelsen. Borkarbid kompositionen ændrede sig hurtigt ved
opbevaring i et atmosfærisk miljø.
Stabiliteten af de tynde borkarbid film indikerede en tydelig kammer- og
deponeringsmateriale-afhængighed, der viste kompleksiteten ved at anvende ma-
terialet til røntgenoptik og øger bevidstheden om potentielle degraderinger af fil-
men med tiden.
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Introduction
Source: https://www.nustar.caltech.edu/page/about
Abstract. Brief historical overview of X-ray observational astrophysics using X-ray
reflecting optics. An introduction to the maturing ESA X-ray telescope mission is
presented in the chapter along with the motivation for this thesis and an outline.
1.1 Background
"The Universe is full of peculiar coincidences." This quote by cosmologist and astro-
physicist Sir Martin Rees is well suited for describing the beginning of modern
observational X-ray astrophysics. The first extrasolar X-ray source ever detected
was observed in the 1960s by an American group led by Riccardo Giacconi, who
conducted a rocket observation experiment with the purpose of detecting X-rays
emitted from the Moons surface as a result of energetic solar wind particles (flu-
orescence). Giacconi and his group unexpectedly discovered a powerful X-ray
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source (Scorpius X-1), ultimately leading to part of a Nobel prize in physics in
2002.
X-rays are emitted from the hottest objects in the Universe; they are generated
at temperatures around millions of degrees, such as accretion discs surrounding
black holes, galaxy clusters, binary stars etc. [Seward and Charles, 2010]. X-ray
imaging and spectroscopy are key understanding the physics behind X-ray gener-
ation processes within these objects.
The first reflecting X-ray telescope, Einstein satellite (HEAO-B), was launched
into space in 1978 to observe X-rays in an energy range 0.1 – 4.0 keV [Giacconi,
1978]. Since then, the number of X-ray reflecting telescopes launched into space
has increased greatly. Since the 1970s, X-ray astronomy blossomed. The revolu-
tionary concept of nesting thin mirror shells into a Wolter I design (further de-
scribed in Chapter 2) made it possible to increase the focusing capabilities of X-
rays and reduce the background in the detection. This technique was developed at
NASA’s Goddard Space Flight Center by Peter Serlemitsos [Serlemitsos and Soong,
1996]. The major X-ray reflecting telescopes that operated and currently operates
in space, along with foreseen missions, are presented in Figure 1.2.
The mirror technology of the X-ray telescopes moved into an epoxy surface
replication with an evaporated gold layer as surface material [Petre, 2010]. The
process to produce these mirrors was cumbersome. First a thin layer of a high den-
sity material, such as gold or platinum, was deposited onto a glass mandrel. Then,
epoxy was applied to the mandrel or the preformed aluminum foil, which was
brought in contact with each other. After several hours in air, the glue cured and
the mirror segment was separated from the mandrel. By adding the high density
material to the mirror substrates, one achieves a significant increase in reflectance
at higher energies due to the total external reflection phenomenon for X-rays. This
is further described in Chapter 2.
However, this technology constrained the performance of the mirrors due to fig-
ure errors, limiting the imaging resolution of the telescope. Another technology
was used for the X-ray telescope Chandra, which was the first mission employ-
ing Direct Current (DC) magnetron sputtering (described in Chapter 2) to deposit
chromium and iridium thin films directly onto very precisely figured Zerodur sub-
strates (highly homogeneous ceramic glass with excellent thermal and mechanical
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properties) [Romaine, 2007].
Chandra revolutionized X-ray astronomy with its unprecedented angular resolu-
tion of sub-arcseconds. However, the effective area of Chandra was small due to
the optics only consisting of four reflecting shells.
XMM-Newton [Lumb, 2000], the European X-ray observatory, was launched the
same year as Chandra. The angular resolution of XMM-Newton was worse than
the one of Chandra; however, the effective area was significantly larger for XMM-
Newton as a result of the 58 nested mirror shells constituting the optics [Singh,
2011]. Illustrations of the X-ray optics of Chandra and XMM-Newton are shown
in Figure 1.1.
Nested mirror modules for Chandra and XMM-Newton
FIGURE 1.1: Images of the nested mirror modules of Chandra (left) and XMM-Newton (right) [Chan-
dra observatory’s High-Resolution Mirror Assembly].
Depositing thin films directly onto the substrates transformed the development
of X-ray optics. Compared to the "simple" single/double layer designs, which lim-
ited the effective area at high energy ranges ( >10 keV) it was now possible to de-
posit multilayers. Notably, the change from only utilizing total external reflection
at low grazing incidence, to reflection using Bragg reflection (phenomenon arising
from multiple reflections in multilayer coatings) was employed. A joint collabora-
tion between Caltech (the USA) and the Technical University of Denmark (DTU)
Space led to HEFT (High Energy Focusing Telescope). HEFT was the forerun-
ner to NuSTAR (Nuclear Spectroscopy Telescope Array), which was successfully
launched in 2012. NuSTAR employed the newest technology within multilayer
thin films, effectively reflecting X-rays in a remarkable energy range from 3 – 80
keV [Christensen, 2011].
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Timeline of X-ray telescopes
FIGURE 1.2: Time-line of the X-ray reflecting observatories launched into space and foreseen missions.
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Chandra and XMM-Newton have now been operating for 20 years, which is
much longer than the planned operation time of 5 and 10 years, respectively. How-
ever, with decommission looming for both telescopes, an improved X-ray telescope
to replace them is required. This telescope must operate within a similar spectral
range (0.1 – 12 keV) with a large collecting area and a high angular resolution at
grazing incidence (incidence angle lower than ∼2 degrees with respect to the mir-
ror surface), which is key for X-ray imaging and spectroscopy.
Several X-ray missions are under concept review, such as LYNX and the High-
Energy X-ray Probe (HEX-P) [Gaskin, 2017; Harrison, 2016]. These missions are
planned to observe photons in a broad energy range, some from 0.1 – 12 keV and
others from 2 keV – 200 keV. As a large collecting area is necessary to observe very
faint sources in the Universe, focusing optics with thin film reflective surfaces are
decisive.
1.1.1 The ATHENA mission
The Advanced Telescope for High-ENergy Astrophysics (ATHENA) is an X-ray
observatory selected by ESA, in 2014, to be their flagship to study X-ray astronomy
in the Cosmic Vision 2015 – 25 plan [Bavdaz, 2018].
The key science objectives of the ATHENA mission is stated in [Nandra, 2013] and
the crucial questions to be answered are:
• How does ordinary matter assemble into the large scale structures that we
see today?
• How do black holes grow and influence the Universe?
To answer these questions in great detail there are challenging constraints on
the ATHENA optics requirements. According to Nandra and the most recent op-
tics requirements, fulfilling the science objectives demand the parameters summa-
rized in Table 1.1 [Athena: The ESA Mission to explore the Hot and Energetic Universe].
Parameter Requirement
Effective area 1.4 m2 @ 1 keV
0.25 m2 @ 6 keV
Angular resolution 5" on-axis
Spectral range 0.3 – 12.0 keV
TABLE 1.1: Requirements for the ATHENA optics.
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The optics technology is based on a concept where silicon is bonded to silicon
called Silicon Pore Optics (SPO). An illustration of the SPO technology is presented
in Figure 1.3.
ATHENA optics technology
FIGURE 1.3: Foreseen ATHENA mirror module optics (left) with an illustration of the mirror module
stack design (right) [Wille, 2015].
A high-quality thin film coating, in terms of low roughness, chemical stabil-
ity etc., deposited on the mirror plates is crucial for achieving the scientific objec-
tives of the ATHENA mission. Reflecting X-rays solely from mirror plates com-
posed of silicon and silicon dioxide will not fulfill the effective area requirement
for the ATHENA mission. Applying a properly designed thin film composed of a
high density material and a low density material increases the throughput of the
telescope [Pareschi, 2004]. Simulations of the effective area as a function of en-
ergy are shown in Figure 1.4. The row number indicates the number of rows in
the ATHENA optics. The comparison of 20 and 15 arises from a potential down-
scaling of the mission as a result of a lack of budget. A vast amount of information
is derived from Figure 1.4. Firstly, the notable impact on the effective area by not
applying thin film coatings to the mirror plates (purple line). The effective area is
well below 1.4 m2 at 1 keV. Secondly, using solely a high density material such as
iridium on all mirror plates gives a boost to the effective area at 6 keV; however
the effective area at 1 keV remains similar to having no thin film coating. Finally,
by applying the combination of iridium and boron carbide thin film coatings to the
mirror plates, the effective area at 1 keV is increased significantly.
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ATHENA’s projected effective area
FIGURE 1.4: Effective area as a function of energy with four different thin film combinations. Plot
taken from [Ferreira, 2018].
Up until now, the direct current (DC) magnetron sputtering machine located at
DTU Space, has been the flagship for the research and development serving as the
base thin film deposition technique of the ATHENA optics [Jakobsen, 2011; Fer-
reira, 2012b; Ferreira, 2013; Ferreira, 2016; Massahi, 2016; Ferreira, 2017].
A key objective in the on-going technology development for the ATHENA mis-
sion is demonstrating the up-scaling of the mirror plate coating process from R&D
levels to flight production levels. However, the mirror capacity of the DTU Space
sputter unit is unable to cope with up-scaling. Further, this is an ideal opportunity
to bring together the coating facility with the stacking facility. Therefore, a new
deposition facility was required.
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1.2 Thesis motivation
The focus of this thesis is to contribute to the development of the ATHENA mission
in following areas:
• Develop characterization strategies for analyzing iridium and boron car-
bide thin films
• Deposit an optimized linear graded iridium/boron carbide multilayer coat-
ing on mirror plates and characterize the coating performance
• Study the composition and stability of iridium and boron carbide thin
films as well as the effect of reactively sputtering these materials
• Design, install, test and commission a new deposition chamber dedicated
for the ATHENA mission flight production and qualify the performance
of the iridium and boron carbide thin films deposited in it
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1.3 Outline
This thesis contains six chapters, as below:
Chapter 1 
Introduction to X-ray optics, the ATHENA mission
and the thesis motivation 
Chapter 2 
Theoretical background of X-ray telescopes, optics
and thin ﬁlm deposition 
Chapter 3 
Modeling techniques applied for X-ray photoelectron
spectroscopy and X-ray reﬂectometry data 
Chapter 4 
Iridium and boron carbide thin ﬁlm research and
development for the ATHENA mission  
Chapter 5 
Industrialization of DC magnetron sputtering facility
at cosine including design, testing, commissioning
and qualiﬁcation  
Chapter 6 
Conclusions on the iridium and boron carbide
compatibility with the ATHENA mission and future
work 
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Chapter 2
Theoretical background
Source: Grove, 1852
Abstract. A brief overview of X-ray telescopes design considerations is presented. The
fundamentals of X-ray reflection and of thin film sputtering along with the coupling
between the two is given in this chapter.
2.1 Brief overview of X-ray telescopes
X-rays are high-energetic photons that are easily absorbed by matter. The vast
amount of atoms in our atmosphere protects us from X-rays by absorbing them
(see Figure 2.1). While this is beneficial to the well-being of life on Earth, it makes
X-ray astronomy challenging. To observe X-rays emitted from the hottest objects
in the Universe, we are bound to place our observatories in space.
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Transparency of the Earth’s atmosphere
FIGURE 2.1: Penetration depth of electromagnetic waves in the Earth’s atmosphere. X-rays are ab-
sorbed in the upper atmosphere. [Transparency of Earth’s atmosphere]
2.1.1 Design considerations
The design of an X-ray telescope is of great importance and impacts several factors,
such as, mirror shape, scattering, imaging and sensitivity. Total reflection of X-rays
occur mainly at very low grazing incidence angles, which puts strict constraints on
the design of the optics.
Hans Wolter, a pioneer within designing focusing X-ray telescopes, outlined three
different configurations to focus X-rays. Generally, the Wolter I design is applied
to design X-ray telescopes. The X-rays are initially reflected of a paraboloid shaped
mirror followed by a reflection on a confocal and co-axial hyperboloid mirror (see
Figure 2.3) [Wolter, 1952].
Another aspect of designing an X-ray telescope is the geometry of the telescope
from the reflective optics to the photon collecting detector. The focal length of an X-
ray telescope is mainly defined by the technology available; so far, mast structures
are used to hold together the optics unit with the detector unit. The constraining
factor of the focal length in this case is the launch unit and to which order of pre-
cision the optics unit can be aligned with the detector unit by the mast in space.
The relation between the focal length (Fl) and the incidence angle (α) is given by
Equation 2.1.
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Angle dependency on focal length and radial distance
tan(4α) =
r
Fl
(2.1)
In Equation 2.1, r is the radial distance from the reflection on the mirror to the
optical axis [VanSpeybroeck and Chase, 1972].
Using the ATHENA mission as a case study, the foreseen focal length is 12 m. The
diameter of the optics unit is 3 m, as a result, the highest reflection angle required
according to Equation 2.1 is 1.78 degrees.
The simulated reflectance of an iridium/boron carbide bi-layer, a single layer irid-
ium and a silicon substrate with no thin film coating at 1 keV and 6 keV is pre-
sented in Figure 2.2. There is an significant increase in the reflectance at 1 keV
when adding a low-Z material. At 6 keV the improvement by adding a high-Z
material is immense.
Simulated reflectance of thin film coatings
FIGURE 2.2: Simulated reflectance at 1 keV and 6 keV of an iridium/boron carbide bi-layer, a single
layer iridium and a silicon substrate without coating with respect to the grazing incidence.
The effective area (Aeff ), which is the standard metric for expressing the on-
axis collecting area of an X-ray telescope is given by Equation 2.2 [O’Dell, 2010].
Effective area
Aeff (E,α) =
np∑
i=1
Ap ·R(E,α)2 (2.2)
In Equation 2.2, the summation over the number of pores is np of the projected
reflective area of the optics,Ap and the reflectanceR, which is energy (E) and angle
(α) dependent.
Using the values of the simulated reflectance obtained in Figure 2.2 in Equation
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2.2, together with the projected reflected area, a value of the effective area can be
calculated. This is how the effective area in Figure 1.4 was calculated.
Foreseen ATHENA telescope design
FIGURE 2.3: Illustration of the foreseen ATHENA telescope, the double reflection using the Wolter
I design, the grazing incidence reflection angle of X-rays and the total reflection combined with the
Bragg reflection. The telescope image was modified and the original is taken from [The Athena X-ray
Observatory: Community Support Portal]
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2.2 X-ray reflection
The theory discussed in this section is based on the content in [Als-Nielsen and Mc-
Morrow, 2001] and [Spiller, 1994]. The equations applied in the modeling software
package IMD is briefly discussed.
2.2.1 Electromagnetic waves
X-rays are electromagnetic waves with an extremely short wavelength (in the order
of 10−10 m) compared to visible light.
The wave vector of an electromagnetic wave is given by, k = 2pi/λ, where λ is
the wavelength. The classical way to describe a linearly polarized electromagnetic
wave, with the unit vector (ˆ) describing the polarization, with the wave amplitude
(E0) and the spatial and temporal variation in the wave propagation described by
the exponential part, is given in Equation 2.3.
Linearly polarized electromagnetic wave
E(r, t) = ˆE0ei(k·r−ωt) (2.3)
For X-rays with energies considerably below 512 keV, relativistic effects can be
neglected and the numerical relation between the wavelength and the energy is
given by the ratio between the product of Planck’s constant (h) with the speed of
light (c) divided by the energy (E), given in Equation 2.4.
Numerical relation between energy and wavelength
λ [Å] =
hc
E
' 12.398
E [keV]
(2.4)
The energy range discussed in this work is mainly 8.047 keV, corresponding to
1.54 Å, and 3.6 – 10.0 keV, corresponding to 3.44 – 1.24 Å.
2.2.2 Reflection and refraction of electromagnetic waves
The refraction index in the X-ray regime is less than unity due to the very high tran-
sition frequencies. Considering a photon traveling from one medium (vacuum) to
another medium (with homogeneous density) with a smooth and sharp interface
(see Figure 2.4), the refractive index is composed of a real part δ and an imaginary
part β, the expression is given by Equation 2.5.
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Refractive index
n = 1− δ + iβ (2.5)
Here, δ is related to the density and the scattering length of the material and
β relates to the absorption in the material. These variables are also known as the
optical constants of an element.
Snell’s law relates the incidence angle (αi) to the refracted angle (αt) at low
grazing incidence through the expression given in Equation 2.6.
Snell’s law
cos(αi) = n cos(αt) (2.6)
Total external reflection occurs at αt = 0 degrees, also called the critical angle
(αc). For very low grazing incidence, αi« 1, the cosine expression is 1 − α2i /2.
Rewriting Equation 2.6, and for simplicity neglecting the absorption term, gives
an expression for the critical angle (Equation 2.7).
Critical angle
αc =
√
2δ (2.7)
The critical angle is determined by the density of the refracting material and
the energy of the refracted photon.
FIGURE 2.4: Total external reflection of an electromagnetic wave.
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2.2.3 Optical constants
The optical constants are used to obtain the refractive index of materials, which
folds into the calculation of the reflectance of the materials. The expressions for δ
and β are given in Equation 2.8.
Optical constants
δ =
r0 λ
2
2pi
ρ
AW
f1 ; β =
r0 λ
2
2pi
ρ
AW
f2 (2.8)
In Equation 2.8, r0 is the Thompson scattering length, AW is the atomic weight
and f1 and f2 are the atomic scattering factors. The atomic scattering factors have
been compiled from 50 eV – 30 keV in [Henke, 1981].
2.2.4 The refractive index of iridium and boron carbide materials
The refractive indices for iridium and boron carbide thin films in the energy range
from 30 eV – 10.0 keV are presented in Figure 2.5. The refractive index of iridium
was computed from the atomic scattering factors informed by the Center of for X-
ray Optics (CXRO) and Lawrence Livermore National Laboratories. The density
used for the calculations has the table value of 22.42 g/cm3 [X-Ray Properties of the
Elements].
The boron carbide refractive index was also computed by CXRO with the table
density - value of 2.52 g/cm3. However, near the absorption lines, the optical
constants are very sensitive to composition changes. This is observed by [Soufli,
2008], where the DC magnetron sputtered boron carbide film had a lower density
of 2.28 g/cm3 and a composition different from pure B4C. The discrepancy near
the absorption edge is significant in terms of projecting the effective area of an X-
ray telescope. Each thin film is expected to have a unique optical constant.
This is discussed further in Chapter 3 when modeling boron carbide thin films.
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Refractive index of iridium and boron carbide materials
FIGURE 2.5: Refractive index of iridium (CXRO) and of boron carbide (CXRO). The enlarged graph
around the absorption edge of boron carbide shows the refractive index from (Soufli), which is a exper-
imentally measured values compared to the computed values (CXRO).
2.2.5 The refractive index of compounds in the modeling soft-
ware
The software package called IMD [Windt, 1998] is used in this work to model the
reflectivity curves. The models are based on the Fresnel equations presented in
Section 2.2.6. Through the modeling a quantification of the thin film structure can
be assessed. This includes the thickness, density, surface and interface roughness
of the material.
IMD also allows for modeling of compound materials. The optical constant database
does not contain the optical constants for all compounds, simply because the val-
ues have not been determined experimentally nor theoretically calculated. The
optical constant of most elements in the periodic table is included in the library,
making it possible to design compound structures based on the properties of the
elements. The refractive index of a compound is based on the density ρ, the wave-
length, and the summation of the relative concentration of each element (xj), the
atomic densities (A), and f1 and f2. The expression is given in Equation 2.9.
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Refraction index for a compound
n ∼= 1− e
2Na
2pimec2
λ2ρ
∑
j xj(f1,j + if2,j)∑
j xjAj
(2.9)
Here, e,Na, c andme are the electron charge, the Avogadro’s number, the speed
of light constant and the electron mass, respectively.
By applying this method of designating a material, one is able to change the com-
pound structure and density, ultimately varying the density as a fit parameter.
2.2.6 Fresnel equations
The behavior of a plane electromagnetic wave propagating in vacuum (n = 1) im-
pinging into an idealized surface (illustrated in Figure 2.6) is described below. The
amplitude of the incident wave (Ei) is related to the amplitude of the reflected (Er)
and transmitted (Er) wave by Equation 2.10.
Ei + Er = Et (2.10)
Reflection and refraction of electromagnetic wave
FIGURE 2.6: Fresnel equation derived from a continuity at the interface of the incidence wave and its
derivative.
The expressions for the amplitude reflectivity and amplitude transmittivity are
the well-known Fresnel equations (observed in Equations 2.11 – 2.14).
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Fresnel equations
r⊥ =
|Er|
|Ei| =
n1 cos(θi)− n2 cos(θt)
n1 cos(θi) + n2 cos(θt)
(2.11)
t⊥ =
|Et|
|Ei| =
2n1 cos(θi)
n1 cos(θi) + n2 cos(θt)
(2.12)
r‖ =
|Er|
|Ei| =
n1 cos(θt)− n2 cos(θi)
n1 cos(θt) + n2 cos(θi)
(2.13)
t‖ =
|Et|
|Ei| =
2n1 cos(θi)
n1 cos(θt) + n2 cos(θi)
(2.14)
The absolute square of the amplitude reflectivity is the intensity reflectivity,
also referred to as the reflectance.
2.2.7 Reflection from a finite slab
Considering the reflectivity from a single finite slab, an infinite series of possible
reflections occur in the slab. Three of them are illustrated in Figure 2.7. The slab
thickness is given by ∆ = Q/2pi, where Q = 2k sin(αi).
The total amplitude reflectivity simplified with the Fresnel equations leads to Equa-
tion 2.15.
Total amplitude reflectivity from a slab
rslab =
r01 + r12p
2
1 + r01r12p2
(2.15)
where, p, is the phase factor given by eiQ1∆.
Reflection and refraction from a finite slab
FIGURE 2.7: Illustration of reflection from a finite slab with the reflectivity being the sum of the infinite
number of reflections.
The reflectance curve calculated from Equation 2.15 shows periodic oscillations
(shown in Figures 2.8 and 2.9 for a 10.0 nm iridium film on top of a silicon substrate
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simulated at 8.047 keV), which are known as Kiessig fringes [Kiessig, 1931]. These
oscillations arise from scattered waves in phase (peaks) and waves out of phase
(dips). The period between two Kiessig fringes are directly related to the thickness
of the slap given by the expression in Equation 2.16.
Periodicity of the reflectance for a single layer iridium
Q2 −Q1 = 2pi/∆ (2.16)
In Equation 2.16, Q1 and Q2 represent the difference in Q between two neigh-
bouring peaks.
Simulated reflectance of iridium with respect to grazing incidence
FIGURE 2.8: Simulated reflectance at 8.047 keV with respect to the grazing incidence angle of an
iridium film with a thickness of 10.0 nm.
Simulated reflectance of iridium in the Q-space
FIGURE 2.9: Simulated reflectance at 8.047 keV with respect to Q of an iridium film with a thickness
of 10.0 nm.
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2.3 Fundamentals of thin film sputtering
2.3.1 A brief historical overview
At its simplest description, thin film sputtering is a process in which atoms are
transferred from one surface onto another surface.
Michael Faraday was a founder of the thin film sputtering principle. In 1838, he
reported on glow discharges from hydrogen, nitrogen, air, oxygen, coal gas, sul-
phurous acis, muriatic acid, carbonic acid and ammonia and he described the phe-
nomenon as "very peculiar and beautiful" [Faraday, 1838]. What he did not know at
the time was that he was performing a thin film sputtering process.
It was not before 1852, when William Robert Grove published results on sputter
deposition, that a dedicated experimental setup for depositing thin films using
sputtering configuration was published [Grove, 1852]. Grove wrote that he ob-
served "a very beautiful effect, a yellow deposit" on the wall of the exhaust pump and
neighboring parts. He had deposited phosphorus in his revolutionary vacuum
chamber. Grove was at the time aware of the factors impacting the deposited ma-
terial. He noticed that the deposition process depends on the gas/gas mixture,
gas density, intensity and quantity of the discharge, etc. and that repeating experi-
ments are likely to result in different outcomes.
2.3.2 Sputtering theory
A century later, in the 1960s, the thin film sputtering process was supported by the
momentum-transfer collision-cascade model. Then, the modern sputtering the-
ory was published by Peter Sigmund in 1969, who based his theory on a linear-
transport model [Sigmund, 1969]. He concluded that the majority of the sputtered
atoms originates from the very top surface, dependent on the mass and energy of
the impinging ions, the density of the target and the geometry in which the ions
collide with the surface atoms.
For impinging ions with energies less than 1 keV, the sputter yield from the target
surface is given by Equation 2.17.
Sputter yield
S (Ei) =
3
4pi2
α
γEi
Uvap
(2.17)
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Here, α is a dimensionless mass ratio function for an elastic collision, γ is the
energy transfer factor,Ei is the incidence energy of the ions, and Uvap is the surface
binding energy of the target atoms.
From Equation 2.17, the sputter yield is linearly proportional with the energy of
the impinging ions at energies lower than 1 keV.
2.3.3 DC magnetron sputtering process
The DC magnetron sputtering process, in which the ionized argon is accelerated
into the target, is illustrated in Figure 2.10. Initially, the chamber is evacuated to
high vacuum. The process gas is then injected into the chamber creating an argon
atmosphere with a pressure in the order of 10−3 mbar. A negative potential is ap-
plied between the cathode and the anode (in this work the anode was grounded)
introducing free electrons to the process. These free electrons "kick out" an electron
in the argon atom, ionizing the argon. This ionization occurs close to the magnetic
field lines and the positively charged argon ion is accelerated towards the target
material with a kinetic energy corresponding to the bias voltage. The kinetic en-
ergy is much larger than the binding energy of the target material, resulting in a
collision cascade which ultimately leads to sputtering of target atoms. The ionized
argon recombines with a free electron, resulting in a neutral argon atom. The free
electron brings more energy to the ion than required in the recombination, leading
to the phenomena called plasma glow. The glow color depends on the ionized gas.
The illustration shows a purple color, which symbolizes recombination of ionized
argon gas.
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DC magnetron deposition process
FIGURE 2.10: Illustration of a DC magnetron sputtering process, wherein argon gas atoms are ionized
and accelerated into the target material, which is sputtered onto the substrate.
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2.3.4 Thin film growth
The micro-structure of thin films deposited using DC magnetron sputtering de-
pends on several parameters, such as gas pressure, type of deposited material,
substrate surface material, thickness of the film, substrate roughness, discharge
power, gas composition and many more. Figure 2.11 summarizes the influencing
factors in thin film growth and the properties.
FIGURE 2.11: Process parameters influencing the thin film.
The growth of thin films can be explained by Volmer-Weber growth, also known
as three-dimensional island growth [Kaiser, 2002]. The first atoms transferred to
the substrate surface often referred to as adatoms (single atoms lying on a crystal
surface), diffuse across the surface favouring the low energy sites. The mobility
of the adatoms depends on the affinity of the substrate and the adatoms. Some
adatoms stick to the spot on which they land and when the next adatoms land, an
island structure builds up. As the islands grow bigger, a coalescence process takes
place; the islands touch one another forming a continuous network. Depending on
the material there are two different outcomes from this coalescence. Firstly, the is-
lands can fuse together, similar to a fluid, producing a larger boundary free island.
Secondly, clear boundaries form between the islands.
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2.4 Chapter summary
Design considerations of X-ray telescopes, such as focal length, dimension of the
optics, optics configuration and the impact of employing thin film technology were
touched upon. The equation to derive the effective area of the optics in an X-ray
telescope was described, with examples of reflectance curves at 1 keV and 6 keV
folding into the calculation of the effective area. The significance of applying a thin
film to X-ray optics was presented.
The fundamental equations of X-ray reflections were shown for later use in Chap-
ter 3. The Fresnel equations governing the reflectance phenomenon of X-rays and
an expression for the refractive index for compounds were introduced. Further-
more, the reflectance from a single slab with the term Kiessig fringes, describing
the periodicity in the reflectance curve due to phase shifts of reflected waves, were
presented.
A branch of thin film deposition (DC magnetron sputtering) used to deposit the
thin film discussed in this work was introduced and the process was described in
detail.
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Data modeling
Abstract. This chapter describes the modeling of the thin films deposited with DC
magnetron sputtering. This is done by using two characterization techniques: X-ray
photoelectron spectroscopy and X-ray reflectometry. The uniqueness of fit is discussed
in terms of measurement errors and uncertainty of the best-fit parameters. The best-fit
models were applied to the data analyzed in Chapter 4 and 5.
3.1 X-ray photoelectron spectroscopy
3.1.1 Introduction
Understanding the composition of the deposited thin films is essential in the cali-
bration effort of an X-ray mission. Recalling from Chapter 2, the optical constants
depend on the composition of the thin film material, which is folded into calcu-
lations of the reflectivity curves, ultimately relating to the effective area of the
mission. A technique to identify the composition of the thin film materials is X-
ray photoelectron spectroscopy (XPS). XPS is a method used to identify elements
along with their chemical bonding states. XPS further allows for a quantitative
analysis of the concentration of the elements in the surface of the sample as well as
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the interior of the sample [Moulder and Chastain, 1992].
3.1.2 The photoelectric effect
The photoelectric effect is a process, in which electrons are emitted from the atoms
due to an energy transfer from an incoming photon to the electron. The X-rays
impinging the sample travel several microns and excite the atoms; however the
sampling depth is in the range of 0.5 – 3.0 nm. The exact sampling depth depends
on the kinetic energy of the emitted photoelectrons and the inelastic mean free
path of the material it travels through. If the photoelectron is scattered in the sam-
ple before escaping the surface of the sample, it will lose kinetic energy, resulting
in background in the XPS spectra. This background is in the data post-processing
handled with a Shirley background subtraction [Shirley, 1972].
The kinetic energy (KE) is related to the binding energy (BE) of the element, the
probing X-ray energy and a work function analyzer (typically ∼4 eV). The expres-
sion is given in Equation 3.1.
Binding energy of photoelectrons
BE = X-ray energy− KE−work function (3.1)
Theoretical calculated BE values are included as a library in the analysis tool.
The process shown in Figure 3.1 illustrates an incoming X-ray expelling an elec-
tron in the k-energy band of an element. To conserve energy, electrons from outer
shells jump to the inner shell. This results in another emitted electron from the
outer band again due to energy conservation. These emitted electrons are called
Auger electrons and are often observed in the high-end of the BE spectrum.
Photoelectric effect
FIGURE 3.1: Illustration of an X-ray interacting with an atom resulting in an ejection of a photoelec-
tron.
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The combined schematic, from illuminating the sample with X-rays to obtain
the intensity of a pure copper sample as a function of BE, is presented in Figure
3.2.
Schematic of the XPS process
FIGURE 3.2: Illustration of XPS scheme [This schematic depicts the process known as the "Photo-electric
Effect" as it pertains to XPS].
3.1.3 Experimental procedure
Iridium and boron carbide single layer films discussed in the following chapters
were measured in a Thermo Scientific K-Alpha system allowing for depth profil-
ing analysis. The samples were probed with a monochromized beam (Al K-Alpha:
1486.6 eV) at a take-off angle of 90 degrees with a spot size of approximately 400
µm. To investigate the depth profile of the thin films, the integrated Ar ion-beam
unit was used to sputter away material on the sample (see etching print on mea-
sured sample in Figure 3.3). For the non-conductive materials a charge builds up
locally on the sample surface. This causes shifts in the energy of the secondary
electrons emitted from the sample. To neutralize the charge build-up, positive ar-
gon ions were bombarded onto the surface with an ion gun [Ong, 2004].
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Iridium coated silicon, after XPS characterization
FIGURE 3.3: Image of a piece of the coated substrate taken after the XPS measurement. The etched
area has a dimension of approximately 2·5 mm2.
3.1.4 Data collection and analysis
The XPS data was acquired in two different scanning modes: survey scans and
high-resolution scans. The software package used to analyze the data was CasaXPS
[CasaXPS]. CasaXPS contains a library with the BE values of several materials,
making it easy to determine the element. However, for compound analysis it was
necessary to compare the BE values with literature because most compounds were
not included in the library.
3.1.4.1 Survey scans
Survey scans are used to obtain low energy resolved spectra generally scanned
over more than 1000 eV with a resolution of 1 eV. These are fast scans for determin-
ing the different elements in the specimen. Examples of survey scans performed
on iridium and boron carbide single layers are presented in Figures 3.4 and 3.5.
The peaks observed in the spectra each represent the BE of specific atoms. Peaks
may overlap making the analysis complicated. Observing more peaks at differ-
ent BEs for the same material increases the certainty of having that material in the
sample. Iridium has many electron shells and electrons emitted from the differ-
ent shells have different BEs. This can be observed in Figure 3.4. Here, the most
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prominent peak is from iridium 4f (the seventh electron shell from the nucleus).
This is a doublet as a result of different spin-orbit configurations of the electrons.
Survey spectrum of an iridium single layer
FIGURE 3.4: Survey spectrum of a single layer iridium. Data from sample si6539. Photoelectrons
were observed from several shells in the iridium atoms.
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Survey spectrum of a boron carbide single layer
FIGURE 3.5: Survey spectrum of a single layer boron carbide. Data from sample si6352. Multiple
elements is observed in the surface layer of the boron carbide thin film. The most likely origin of the
iron content is from the target production where traces of iron is reported.
3.1.4.2 High-resolution scans
High-resolution scans are defined in smaller energy ranges with a resolution of
about 0.1 eV. This allows the user to determine the chemical states of the thin
films. For better statistics, high-resolution scans are performed 10 times for each
element. Spectra of the iridium 4f doublet and the boron 1s are presented in Fig-
ures 3.6 and 3.7, respectively. A Shirley background was applied to the acquired
spectra and deconvoluted mainly with Gaussian-Lorentzian curves. The general
natural line shape for photoelectrons is assumed to be Lorentzian. However, due
to line width broadening from instrumental components etc., analyzing the decon-
voluted curves with a mix between the Lorentzian shape and the Gaussian shape
is standard procedure. Some metals tend to show a tail in the BE peaks, which
is caused by the energy loss of some photoelectrons travelling through the metal
valence bands [Jain, 2018].
The boron 1s spectra shows several peaks after a deconvolution. The several peaks
are present due to chemical shifts. A chemical shift is when the element, such as
boron carbide reacts with the atmosphere, producing a mixed boron oxide layers.
The boron oxide compound has another BE than the boron carbide compound re-
sulting in a small energy shift of a few eV. The chemical composition is defined by
3.1. X-ray photoelectron spectroscopy 33
comparing the BEs with literature. Together each chemical configuration add up
to the envelope fit (black curve).
High-resolution spectrum of iridium 4f
FIGURE 3.6: High resolution spectrum of the iridium 4f doublet.
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High-resolution spectrum of boron 1s
FIGURE 3.7: High resolution spectrum of the boron 1s peaks. Several atomic states are observed, such
as, boron oxides and boron carbides. Unknown atom weights in the chemical states are denoted BxCy
and BxOy .
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3.2 X-ray reflectometry
3.2.1 Introduction
X-ray reflectometry (XRR) is a non-destructive characterization method for inves-
tigating the thin film structures, thickness, roughness, density etc. [Baer and The-
vuthasan, 2010]. The technique can resolve layer thicknesses to sub-nanometer
scale with a high precision (sub-angstrom). The basic concept behind XRR is X-ray
reflection at grazing incidence, as described in Chapter 2.
Based on the a priori knowledge obtained from XPS analysis, several models were
applied to the XRR data obtained from thin film coated samples deposited in the
coating chamber discussed in Chapter 5.
3.2.2 The X-ray radiation facility at DTU Space
A sketch of the X-ray facility setup at DTU Space is illustrated in Figure 3.8. The
entire arrangement has a length of 2059 mm from X-ray generator to detector.
The X-rays are generated with a copper rotating anode emitting a continuous
Bremsstrahlung spectrum. The monochromator, composed of asymmetrically cut
germanium crystals, is designed for passing Cu k-alpha (8.047 keV). The detection
of the photons was acquired with a custom built linear positional sensitive detec-
tor. The X-ray beam was shaped into a dimension of 0.12·3.0 mm2 (height ·width)
by slits before impinging the sample.
8.047 keV XRR setup at DTU Space
FIGURE 3.8: X-ray experimental setup at DTU Space. Sketch of the setup where; 1) X-ray generator.
2) Slit. 3) Evacuated tube. 4) Slit 5) Asymmetric cut Ge crystals. 6) Attenuation filters. 7) Beam shaping
slits 8) Sample holder. 9) Evacuated tube. 10) Positional sensitive detector.
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3.2.3 The X-ray radiation facility at Physikalisch-Technische Bun-
desanstalt (PTB), BESSY II
The synchrotron facility at PTB in Berlin was used to perform XRR measurements
at a range of energies. The four-crystal-monochromator (FCM) beam-line covers a
large photon energy range. In this work an energy range from 3.6 – 10.0 keV was
used to characterize the samples. The energy resolution of the beam-line setup
was better than 1 eV. The complete length of the beam-line is 37 m and the beam
propagates in ultra-high-vacuum [Krumrey and Ulm, 2001].
Using slits, the X-ray beam is shaped to a dimension of 0.3·0.4 mm2 before imping-
ing on the sample. The reflected and direct beam is detected with a semiconductor
photo-diode mounted 250 mm from the sample. An image of the vacuum chamber
is shown in Figure 3.9.
FCM beam-line vacuum chamber at PTB, Berlin
FIGURE 3.9: Vacuum chamber at the FCM beam-line.
3.2.4 Data collection and modeling
At DTU Space the data was acquired using the software (FOURC), which is based
on Bash programming. For this work, Bash code was written to a) automatically
perform alignment of the beam with respect to the sample, b) collect the signals
from the detector and c) store the signals in a .dat file. Former procedures re-
quired the user to manually enter each command for the alignment procedure and,
through an iterative process, create a tailor made scanning script. In the manual
operation case different scripts would have to be set up for individual samples.
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Using the created Autoscan function, scans were automatically optimized indepen-
dent on the sample for a more rapid data acquisition. The outcome of the XRR data
acquisition and post processing was a file containing the scanned angles with the
corresponding reflectance.
The IMD software allows for the use of several fitting algorithms each apply-
ing different mathematical methods to determine the best-fit parameters. In this
work, the best-fit method is based on the fitting algorithm differential evolution. This
proved to produce the best and fastest convergence to a global minimum [Björck,
2011].
Thin film modeling structure
FIGURE 3.10: Illustrations of the iridium modeling film layer structure (left) and the boron carbide
film layer structure (right).
3.2.4.1 Single layer iridium films
The iridium thin films discussed in this work are all deposited with DC magnetron
sputtering. The density in the modeling is set to 22.42 g/cm3 and assumed con-
stant throughout the applied film. This is based on the results obtained in the XPS
data, having no indications of contamination in the iridium film. The refractive
index of the iridium material applied in modeling the iridium film was presented
in Chapter 2.
Two different models were tested (see Figure 3.10, left): a 2-layer and a 3-layer
model. The models are based on the atomic/compound content observed in the
XPS analysis. The 2-layer model consists of: a) an iridium layer with a fixed den-
sity representing the top layer, b) an intermediate layer 1, including a native layer
of silicon dioxide and c) the substrate interpreted in the model as an infinite layer
of silicon. The 3-layer model consists of the components in the 2-layer model with
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the addition of a hydrocarbon mixed with oxygen over-layer.
8.047 keV XRR The best-fit parameters of samples cs00002 and cs00004 are
presented in Tables 3.1 – 3.2. In both cases for the 3-layer model, the hydrocarbon
over-layer is unconstrained. This indicates that the hydrocarbons are transparent
to the high energy X-rays and lower energies are required to constrain the over-
layer.
There are basically no discrepancy between the best-fit models observed in Figures
3.11 – 3.12.
Model Layer Composition Thickness Density Roughness
[nm] [g/cm3] [nm]
2-layer Top Ir 10.03 - 0.25
Intermediate 1 SiO2 1.00 2.65 0.25
Substrate Si - - 0.25
3-layer Top COH 0.07∗ 0.84 0.25
Intermediate 2 Ir 10.02 - 0.25
Intermediate 1 SiO2 1.00 2.65 0.25
Substrate Si - - 0.25
TABLE 3.1: Best-fit parameters of the 2- and 3-layer models. Data from sample cs00002. ∗indication
of unconstrained parameters. The hydrocarbons on top of the iridium surface are transparent at 8.047
keV XRR.
Model Layer Composition Thickness Density Roughness
[nm] [g/cm3] [nm]
2-layer Top Ir 30.74 - 0.28
Intermediate 1 SiO2 1.00 2.65 0.32
Substrate Si - - 0.32
3-layer Top COH 22.37 0.01∗ 0.28
Intermediate 2 Ir 30.74 - 0.28
Intermediate 1 SiO2 1.00 2.65 0.32
Substrate Si - - 0.32
TABLE 3.2: Best-fit parameters of the 2- and 3-layer models. Data from sample cs00004. ∗indication
of unconstrained parameters. The hydrocarbons on top of the iridium surface are transparent at 8.047
keV XRR.
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8.047 keV XRR (∼10 nm iridium single layer)
FIGURE 3.11: 8.047 keV reflectivity plot of the 2- and 3-layer models. Data from sample cs00002.
8.047 keV XRR (∼30 nm iridium single layer)
FIGURE 3.12: 8.047 keV reflectivity plot of the 2- and 3-layer models. Data from sample cs00004.
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3.6 – 10.0 keV XRR The two iridium samples were characterized from 3.6
– 10.0 keV with a fixed incidence angle of 0.6 degrees using the FCM beam-line.
The XRR data in this broad energy range provides a good information of the film
composition. By illuminating the sample at an angle of 0.6 degrees incidence, the
beam has a footprint of ∼29 mm covering nearly half of the sample in length.
Again, the 2- and 3-layer models were applied to the XRR data obtained from sam-
ples cs00002 and cs00004 (see best-fit parameters in Tables 3.3 and 3.4). However,
in this case the 3-layer model provides the best-fit to the data. This indicated that
the hydrocarbon over-layer was observable below∼6 keV. Over-layers with an av-
erage thickness of ∼3.4 nm with a very low average density of ∼0.33 g/cm3 were
obtained. It was attempted to increase the density to 1.0 g/cm3 and freeze the
value in the model (typical value observed for hydrocarbons), however this made
the best-fit significantly worse. This may be an indication of the modeling limita-
tions.
The best-fits are presented in Figures 3.13 and 3.14.
Model Layer Composition Thickness Density Roughness
[nm] [g/cm3] [nm]
2-layer Top Ir 9.92 - 0.46
Intermediate 1 SiO2 1.00 2.65 0.80
Substrate Si - - 0.80
3-layer Top COH 3.22 0.39 0.44
Intermediate 2 Ir 9.85 - 0.44
Intermediate 1 SiO2 1.00 2.65 0.32
Substrate Si - - 0.32
TABLE 3.3: Best-fit parameters of the 2- and 3-layer models applied to data obtained from XRR energy
scans of sample cs00002. The hydrocarbons on top of the iridium surface are detectable in the range
below 6 keV.
Model Layer Composition Thickness Density Roughness
[nm] [g/cm3] [nm]
2-layer Top Ir 30.25 - 0.39
Intermediate 1 SiO2 1.00 2.65 0.72
Substrate Si - - 0.72
3-layer Top COH 3.66 0.26 0.34
Intermediate 2 Ir 30.25 - 0.34
Intermediate 1 SiO2 1.00 2.65 0.75
Substrate Si - - 0.75
TABLE 3.4: Best-fit parameters of the 2- and 3-layer models applied to data obtained from XRR energy
scans of sample cs00004. The hydrocarbons on top of the iridium surface are detectable in the range
below 6 keV.
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3.6 – 10.0 keV XRR (∼10 iridium single layer)
FIGURE 3.13: Reflectivity as a function of energy of single layer iridium films. The 3-layer model
produced the best-fit. Data from sample cs00002.
3.6 – 10.0 keV XRR (∼30 nm iridium single layer)
FIGURE 3.14: Reflectivity as a function of energy of single layer iridium films. The 3-layer model
produced the best-fit. Data from sample cs00004.
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3.2.4.2 Single layer boron carbide films
The boron carbide compound turns out to be a complex material to work with
using DC magnetron sputtering. The XPS analysis of boron carbide thin films in-
dicates several compound states in the film surface. Based on these chemical state
transitions in the film three different models were considered to investigate (see
Figure 3.10, right). The behavior of the model was modeled by assuming varying
densities and thicknesses throughout the film. For simplicity the chemical compo-
sition of the different layers in the model were fixed to B4C.
The 2-layer model consists of: a) a boron carbide layer with varying density rep-
resenting the top layer and b) an intermediate layer 1 including a native layer of
silicon dioxide on top of the silicon substrate. The 3-layer model consists of the
components in the 2-layer model with the addition of an extra boron carbide layer
with varying density. The 4-layer model consists of three boron carbide layers with
varying density.
8.047 keV XRR The best-fit parameters and the models of the two different
samples are presented in Tables 3.5 – 3.6 and Figures 3.15 – 3.16. It is noticeable
that the best-fit parameters of the intermediate layer 2 in the 4-layer model for
the thinnest boron carbide film are unconstrained. This indicates that the 3-layer
model is describing the data best. For the thicker boron carbide film, both the 3-
and 4-layer model parameters are constrained and the χ2-values are similar.
Model Layer Composition Thickness Density Roughness
[nm] [g/cm3] [nm]
2-layer Top B4C 5.08 2.72 0.39
Intermediate 1 SiO2 1.00 2.65 0.39
Substrate Si - - 0.39
3-layer Top B4C 6.54 2.65 0.37
Intermediate 2 B4C 2.41 2.06 0.37
Intermediate 1 SiO2 1.00 2.65 0.85
Substrate Si - - 0.85
4-layer Top B4C 4.67 2.62 0.34
Intermediate 3 B4C 1.91 1.92 0.34
Intermediate 2 B4C 0.00∗ 0.41 0.34
Intermediate 1 SiO2 1.00 2.65 1.76
Substrate Si - - 1.76
TABLE 3.5: Best-fit parameters of the 2-, 3- and 4-layer models. Data from sample
cs00006.∗unconstrained parameter, indicating the intermediate layer 2 is redundant.
3.2. X-ray reflectometry 43
Model Layer Composition Thickness Density Roughness
[nm] [g/cm3] [nm]
2-layer Top B4C 22.82 2.44 0.39
Intermediate 1 SiO2 1.00 2.65 0.39
Substrate Si - - 0.39
3-layer Top B4C 20.14 2.54 0.46
Intermediate 2 B4C 2.49 2.01 0.46
Intermediate 1 SiO2 1.00 2.65 0.53
Substrate Si - - 0.53
4-layer Top B4C 3.72 2.63 0.48
Intermediate 3 B4C 16.55 2.48 0.48
Intermediate 2 B4C 2.26 1.88 0.48
Intermediate 1 SiO2 1.00 2.65 0.68
Substrate Si - - 0.68
TABLE 3.6: Best-fit parameters of the 2-, 3- and 4-layer models. Data from sample cs00008.
8.047 keV XRR (∼9 nm boron carbide single layer)
FIGURE 3.15: 8.047 keV reflectivity plot of the 2-, 3- and 4-layer models. Data from sample cs00006.
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8.047 keV XRR (∼23 nm boron carbide single layer)
FIGURE 3.16: 8.047 keV reflectivity plot of the 2-, 3- and 4-layer models. Data from sample cs00008.
3.6 – 10.0 keV XRR The reflectance in the energy range 3.6 – 10.0 keV indi-
cates that the thinnest boron carbide single layer film (sample cs00006) was best
described with the 3-layer model. Whereas, the thicker boron carbide layer (sam-
ple cs00008) was in better agreement with the 4-layer model. These models are pre-
sented in Figure 3.17. Both models indicate a low density layer with a thickness of
∼2 nm between the SiO2 layer and the nominal density boron carbide layer. Inter-
mediate layer 2 is interpreted as, organic contamination situated on the substrate
surface before the film was deposited onto the substrate or the growth mechanism
of boron carbide on top of silicon/silicon oxide or a combination of the two could
reflect the low density material with a thickness of about 2 nm.
Sample Layer Composition Thickness Density Roughness
ID
(mm) (nm) (g/cm3) (nm)
cs00006 Top B4C 7.67 2.58 1.09
Intermediate 2 B4C 1.62 1.99 1.09
Intermediate 1 SiO2 1.0 2.65 0.79
Substrate Si - - 0.79
cs00008 Top B4C 2.82 2.11 0.55
Intermediate 3 B4C 17.47 2.56 0.55
Intermediate 2 B4C 2.10 1.77 0.55
Intermediate 1 SiO2 1.0 2.65 1.50
Substrate Si - - 1.50
TABLE 3.7: Best-fit parameters using the 3- and 4-layer model. Data from sample cs00006 and cs00008,
respectively.
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3.6 – 10.0 keV XRR (∼9 and 23 nm boron carbide single layers)
FIGURE 3.17: Reflectivity as a function of energy of single layer boron carbide films. The 3-layer
model produced the best-fit of sample cs00006 and the 4-layer produced the best-fit of sample cs00008.
Density dependency
To ensure that the best-fit parameters obtained in Table 3.8 are credible, the den-
sity and the thickness of the intermediate layer 2 and the top layer were swapped
in different configurations. The parameters are given in Table 3.8 with the corre-
sponding reflectivity curves presented in Figure 3.18. Models B, C and D differ
significantly from the data set, which was a clear indication that the parameters in
Model A were unique giving the best-fit to the data set.
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Model Layer Composition Thickness Density Roughness
[nm] [g/cm3] [nm]
Model A Top B4C 6.54 2.65 0.37
Intermediate 2 B4C 2.41 2.06 0.37
Intermediate 1 SiO2 1.0 2.65 0.85
Substrate Si - - 0.85
Model B Top B4C 6.54 2.06 0.37
Intermediate 2 B4C 2.41 2.65 0.37
Intermediate 1 SiO2 1.0 2.65 0.85
Substrate Si - - 0.85
Model C Top B4C 2.41 2.06 0.37
Intermediate 2 B4C 6.54 2.65 0.37
Intermediate 1 SiO2 1.0 2.65 0.85
Substrate Si - - 0.85
Model D Top B4C 2.41 2.65 0.37
Intermediate 2 B4C 6.54 2.06 0.37
Intermediate 1 SiO2 1.0 2.65 0.85
Substrate Si - - 0.85
TABLE 3.8: Model parameters - thickness, roughness and density parameters of models A, B, C and
D. Data from sample cs00006.
8.047 keV XRR (∼23 nm boron carbide single layer)
FIGURE 3.18: 8.047 keV reflectivity plot of models A, B, C and D. Data from sample cs00006.
Roughness dependency
As part of the modeling the surface roughness of the boron carbide layer was cou-
pled with the surface roughness of the silicon/silicon oxide layer when applying
the 2-layer model, meaning that they were fit to the same value. By fitting the sur-
face roughness alone, the parameter was unconstrained.
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However, in the case of the 3- and 4-layer models, the surface roughness was
constrained by coupling the surface roughness of the top-layer with the surface
roughness of the intermediate layer 2 and 3. The substrate surface roughness was
coupled with the silicon oxide surface roughness.
The coupled roughnesses obtained for the boron carbide surfaces and the sili-
con/silicon oxide surfaces are not interchangeable, meaning the solutions for the
roughness are constrained. This is presented in Figure 3.19 and the model param-
eters are given in Table 3.9.
Model Layer Composition Thickness Density Roughness
[nm] [g/cm3] [nm]
Model A Top B4C 6.54 2.65 0.37
Intermediate 2 B4C 2.41 2.06 0.37
Intermediate 1 SiO2 1.0 2.65 0.85
Substrate Si - - 0.85
Model B Top B4C 6.54 2.65 0.85
Intermediate 2 B4C 2.41 2.06 0.85
Intermediate 1 SiO2 1.0 2.65 0.37
Substrate Si - - 0.37
TABLE 3.9: Thickness, roughness and density parameters of models A and B. Data from sample
cs00006.
8.047 keV XRR (∼9 nm boron carbide single layer)
FIGURE 3.19: 8.047 keV reflectivity plot of data from sample cs00006. Model A describes the data
better than Model B.
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3.2.5 Comparison of best-fit roughness parameters
The beam-line setup at DTU is different than the FCM beam-line setup at PTB. This
includes the distance from the sample to the detector and the detector slits. These
are the two parameters which makes up the geometry that defines the amount
of specular and non-specular reflected X-rays collected by the detector. The angle
acceptance at the DTU beam-line was∼0.29 degrees and∼0.02 degrees for the PTB
beam-line. As a result of a larger angle acceptance at the DTU beam-line more non-
specular reflected X-rays are collected in the detector contributing to the intensity
of the reflectivity, ultimately resulting in a lower modeled roughness.
This is observed for the best-fit roughness parameters obtained from modeling
8.047 keV XRR data acquired at DTU Space, suggesting a lower roughness than
the ones obtained from XRR energy scans (3.6 – 10.0 keV).
3.2.6 Native silicon oxide layer
The intermediate layer 1 composed silicon oxide is interpreted as native oxide
layer growing on top of silicon in the atmosphere. The thickness has been fixed
to 1.0 nm in all models presented, both for iridium and boron carbide films. Typi-
cally, the observed silicon oxide thickness is 1.0 – 2.0 nm [Morita, 1990]. Different
silicon oxide layer thicknesses were investigated in the fitting procedure and it
was observed that different thicknesses from 0.0 – 5.0 nm did not change the best-
fit parameters obtained for the other layers in the model. One could argue that
the silicon oxide layer in the model could be neglected, however, with the a priori
knowledge of oxide growth on silicon, it was decided to implement the layer in all
models.
3.2.7 Uniqueness of fit
3.2.7.1 Measurement errors
There are two types of important measurement errors: systematic and random
errors. Systematic errors can arise during the alignment procedure. An angu-
lar offset appears in the acquired data if the sample is misaligned with respect to
the X-ray beam. This systematic error was corrected for by adjusting the data set
in accordance to the critical angle of the deposited material. The density of the
iridium films deposited in this work was set to 22.42 g/cm3 resulting in a critical
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angle of 0.597 degrees. All the reflectivity curves in Figure 3.20 were systemati-
cally adjusted for angular offsets by manually subtracting or adding few tens of
millidegrees.
A single layer iridium film was measured with 8.047 keV XRR in the same spot 14
times. The reflectivity curves are presented in Figure 3.20. The data were modeled
with the adopted 2-layer model formerly described. Thickness, top roughness and
bottom roughness along with the mean and standard deviation are shown in Fig-
ures 3.21, 3.22 and 3.23, respectively. The standard deviation values are well below
the diameter of an atom.
8.047 keV XRR (∼9 nm iridium single layer)
FIGURE 3.20: Iridium single layer film characterized at 8.047 keV in the same spot 14 times. The
angular offsets have been adjusted to the critical angle of iridium (0.597 degrees @ 8.047 keV).
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Standard deviation and mean values of iridium thickness
FIGURE 3.21: Mean and standard deviation of the best-fit iridium thickness.
Standard deviation and mean values of iridium top roughness
FIGURE 3.22: Mean and standard deviation of the best-fit iridium top roughness.
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Standard deviation and mean values of substrate roughness
FIGURE 3.23: Mean and standard deviation of the best-fit silicon/silicon oxide top roughness.
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3.2.7.2 Uncertainty on best-fit parameters
The IMD software package does not provide uncertainty on the best-fit parame-
ters; however it does provide the evolution of each parameter, making it possible
to determine if the parameters converge or not. Another modeling tool called JV-
REFS provided by Brüker apply the same fitting algorithm to determine the best-fit
parameters [Wormington, 1999]. The software includes an algorithm to determine
uncertainty values on each of the best-fit parameters. It does so by calculating the
full variance-covariance matrix from the Hessian matrix using matrix algebra and
numerical differentiation.
The single layer iridium (sample cs00002) was modeled in the JV-REFS software
using the differential evolution algorithm and the following best-fit parameters with
the uncertainty were obtained; iridium thickness: 10.080±0.012 nm, iridium top-
layer roughness: 0.279±0.007 nm and silicon/silicon oxide top-layer roughness:
0.343±0.011 nm.
Compared with the measurement errors the uncertainty parameters were very
similar. The uncertainties on the iridium single layer film best-fits parameters were
so low that they were negligible for the results presented here.
The boron carbide thin films were complex to model. The 3-layer model favors
the best interpretation of the thinner layers of boron carbide and the 4-layer model
of the thicker layers. Even though the χ2 value is slightly smaller for the 4-layer
model compared to the 3-layer model in Figure 3.15, the intermediate layer 2 in the
4-layer model was unconstrained. This indicates the limitations of the modeling
tool when analyzing boron carbide films at 8.047 keV.
The uncertainty on the boron carbide thickness was assessed through the JV-REFS
software to ∼0.1 – 0.2 nm. The uncertainty on the best-fit density parameters were
assessed to ∼0.05 g/cm3.
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3.3 Chapter summary
Two complementary characterization methods were presented and the techniques
were applied to iridium and boron carbide single layer films. Based on the film
composition obtained from the XPS measurements, different XRR models were es-
tablished and tested for the reflectance data sets gathered from the thin films.
The XPS data suggested a carbon based compound (likely hydrocarbons) on
the surface of the iridium films, the layer was transparent in the 8.047 keV XRR
modeling, however in the XRR modeling of the energy scans performed in a range
from 3.6 – 10.0 keV, a 3-layer model provided the best-fit to the data. This is ex-
plained by an over-layer with a thickness of∼3.0 nm and a density of ∼0.3 g/cm3.
For simplicity the henceforth single layer iridium films characterized at 8.047 keV
XRR were modeled with the 2-layer model. A demonstration of the uniqueness
of the iridium models was given. It was broken into two sections: measurement
errors and uncertainty on the best-fit parameters. The standard deviation and best-
fit parameters have the same order of magnitude derived to sub-angstrom.
The XPS data presented of the single layer boron carbide film indicated several
chemical states and layer transitions throughout the film. This made the XRR mod-
eling cumbersome and several models were applied to the data. It was shown that
a model composed of a single layer boron carbide with varying density (2-layer
model) was inadequate to describe the data. It was also shown that two layers
of boron carbide with varying density (3-layer model) described the thinner film
thickness of ∼9 nm and that three layers of boron carbide with varying density
(4-layer model) was best fit to the thicker film (∼21 nm).
The uncertainty on best-fit parameters of the boron carbide were assessed, al-
though limitations on the precision of the presented values were evident.
Unfortunately, the JV-REFS software does not allow for modeling of data in en-
ergy ranges and fixed energies lower than 4.2 keV. To obtain more certain values
of the best-fit parameters for boron carbide (to the same precision as iridium) it is
necessary to analyze reflectivity curves measured below 2.5 keV to gain more sig-
nal and better statistics. It demands a transfer of the procedure used by the REFS
software to calculate the uncertainties to the parameter evolution values obtained
in the IMD software package.
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Chapter 4
Iridium and boron carbide thin
films produced at DTU Space
Abstract. This chapter describes the development of boron carbide and iridium thin
films. A linear graded iridium/boron carbide multilayer optimized to increase the effec-
tive area at 6 keV was deposited onto silicon pore optics substrates and bonded into a
12 plate stack. Critical results were presented on the instability of boron carbide films
exposed to the atmosphere. An investigation of the chemical composition, roughness,
and stability of the thin films along with the effects of nitrogen incorporation proved
efficient in mapping the causes of the instability.
4.1 The coating facility at DTU Space
The coating facility located at DTU Space contains a custom built DC magnetron
system (see Figure 4.1). It has been and still is a flagship for research and devel-
opment as well as flight production of thin film coatings for space applications; in
particular, the multilayer development and production for the NuSTAR telescopes
were high-quality W/Si and Pt/C multilayers deposited on glass substrates. Fur-
thermore, the coating development for the ATHENA mission has mainly taken
place in this facility.
Four magnetrons (Onix-1520IDC), produced by Angstrom sciences, are installed
inside the chamber. The experiments discussed in this chapter made use of two
magnetrons to apply the thin films: One of them hosting a boron carbide target
(99.5% purity) and the other an iridium target (99.9% purity).
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Coating facility at DTU Space
FIGURE 4.1: Left) Custom built DC magnetron drum coater. Center) Used iridium target. Right)
Plasma glow during iridium deposition.
4.1.1 Sample preparation
Two different types of substrates were used. They both originate from diced 300
mm, p-junction, boron doped, double side polished silicon wafers. The one type
is defined as witness samples. The witness samples were silicon pieces cut from
large silicon wafers into dimensions of 70 mm · 10 mm · 0.75 mm (length · width ·
thickness). The other type of substrate was the SPOs. These substrates underwent
several clean-room process steps, in which the last two prior to thin film deposi-
tion were a photo-lithographic process and a plasma cleaning step, in this order.
Contamination from the photo-lithography process has been highlighted in [Mas-
sahi, 2015] and the proper process parameters to remove the contamination were
applied in this study.
Both types of substrates were plasma cleaned in an oxygen atmosphere prior to
the thin film deposition, with the purpose of removing organic contamination on
the surface of the substrates, the witness samples were plasma cleaned with the
values presented in Table 4.1. A greater flux of oxygen ions were bombarded into
the substrates by increasing the oxygen flow-rate in the cleaning process. The rea-
son for a lower intensity cleaning of the SPOs was to avoid extensive damage to
the photoresist features on the surface. This was shown in [Massahi, 2015] where
the cleanliness degraded with an increase in intensity.
To study the result of the substrate surface cleanliness before and after plasma
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Substrate type Oxygen flow Nitrogen flow Intensity Duration
(sccm) (sccm) (W) (min)
Witness sample 400 70 1000 10
SPO 200 70 100 15
TABLE 4.1: Values for the plasma cleaning process.
cleaning, they were characterized with an Atomic Force Microscopy (AFM). Im-
ages of the witness sample surface are shown in Figure 4.4 and Figure 4.5 and the
scanning areas are illustrated in Figure 4.3. The Root Mean Square (RMS) values
presented in Table 4.2 were calculated using a 1D-PSD included in the NanoScope
software. The surface roughness improved by a factor of 10 by plasma cleaning
the witness samples.
Spot 1 Spot 2
Scan size σ σ
(µm) (nm) (nm)
Before plasma cleaning 1.00 · 1.00 0.53 2.07
10.0 · 10.0 1.49 1.83
After plasma cleaning 1.00 · 1.00 0.20 0.20
10.0 · 10.0 0.13 0.13
TABLE 4.2: RMS values for uncleaned and cleaned silicon substrates.
With the improved photo-lithographic process, using developer type AZ 826
MIF to create the photoresist stripes, a comparison of plasma cleaned substrates
with the old process and the new process are illustrated in Figure 4.6 and 4.7, re-
spectively. Though, the plasma cleaning procedure was performed on the samples
in Figure 4.6, there was still considerable observable contamination. This was crit-
ical in terms of coating stability because once the coating was deposited on top of
the contamination and the mirror plate underwent chemical exposure (described
in Section 4.2.2) the contamination was removed together with the coating on top.
This created holes in the coating, which is shown in Figure 4.2.
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Thin film coated SPO exposed to chemicals
FIGURE 4.2: Image of an SPO after thin film coating and chemical exposure. As a result of contami-
nation located underneath the thin film, holes were created after the exposure to chemicals.
It was therefore central to obtain a high cleanliness prior to coating deposition
and this was achieved with the currently used developer type AZ 826 MIF. Im-
ages produced with an AFM show such indications in Figure 4.7. The average
RMS roughness using AZ 826 MIF was 0.45 nm, a factor ∼2.8 lower than the RMS
roughness obtained using the FUJI OPD 4262 developer type.
AFM scanning areas
FIGURE 4.3: Illustration of the scanning areas denoted spot 1 and spot 2.
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Uncleaned witness sample
FIGURE 4.4: Images of the uncleaned witness sample surface. AFM measurements with scan-sizes: 1
· 1 µm2 and 10 · 10 µm2.
Plasma cleaned witness sample
FIGURE 4.5: Images of the cleaned witness sample surface. AFM measurements with scan-sizes: 1 · 1
µm2 and 10 · 10 µm2.
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SPO substrate developed with FUJI OPD 4262 and plasma cleaned
FIGURE 4.6: Images produced with an AFM at three different spots on an SPO developed with FUJI
OPD 4262. The scan area for each spot in the top row is 1 · 1 µm2 and 10 · 10 µm2 in the bottom row.
The yellow dots represent the remaining photoresist remnants with a peak at ∼10 – 12 nm in the top
row.
SPO substrate developed with AZ 826 MIF and plasma cleaned
FIGURE 4.7: Images produced with an AFM at three different spots on an SPO developed with AZ
826 MIF. The scan area for each spot in the top row is 1 · 1 µm2 and 10 · 10 µm2 in the bottom row. The
yellow dots represent the remaining photoresist remnants with peaks at ∼3 – 4 nm in the bottom row.
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4.1.2 Background pressure
The experiments presented henceforth in this chapter were deposited under high
vacuum (10−7 – 10−3 mbar) to ensure a low level of contamination in the thin films
[Bishop, 2011]. In all experiments the chamber background pressure was lower
than 3 · 10−6 mbar. This ensured a high gas fraction of the sputtering gas and the
residual gasses inside the chamber, ultimately reducing the contamination level
in the deposited films. The background pressure was achieved with an Edwards
dry-pump combined with a Pfeiffer turbo-pump.
To speed up the pump-down process the chamber was equipped with a bake-out
feature (ceramic heat-belt). The heat-belt is the silver colored belt illustrated in
Figure 4.1 (left). Without using the bake-out feature it can take more than 10 hours
to reach the mentioned base-pressure, while when the chamber was heated during
the pump-down process, the desired base-pressure was reached within 5 hours.
4.1.3 Collimation of sputtered atomic flux
During the sputtering process, the sputtered material was ejected in all directions
from the target material. It was advantageous to collimate the flux of sputtered
material before it lands on the substrate to decrease the surface roughness of the
deposited film [Vickery, 2008]. At DTU Space two types of collimating methods
have been investigated: separator plates and a honey-comb mesh (see Figure 4.8).
A decrease of the surface and interface roughness of the deposited films have been
shown by collimating the sputtered atoms either on the path from the target to the
substrate or at the substrate position.
One of the disadvantages of using the separator collimation on flat substrates ap-
pears in the angle geometry. A shadowing effect arises resulting in a film non-
uniformity along the length of the substrate.
For this reason, the honeycomb collimator was applied to all coating related exper-
iments henceforth.
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Collimation methods used at DTU Space
FIGURE 4.8: Side view of two types of collimation methods investigated at DTU. The red arrows
illustrate the sputtered atoms, which are blocked by the collimation and the green arrows indicated the
sputtered atoms that land on the substrate.
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4.2 Multilayer coated X-ray reflecting stack for the ATHENA
mission
As part of the on-going coating optimization for the ATHENA mission a linear
graded multilayer coating was deposited on SPO substrates. The optimized coat-
ing design was based on increasing the effective area at 6 keV. The linear graded
multilayer is key to apply to the outer rings of the ATHENA optics where the in-
cidence angles are relatively large. By applying a linear graded multilayer one
utilizes the Bragg reflections, which can be tuned to specific energies, in this case 6
keV. The simulations of the optimized designs for each ring in the ATHENA optics
(different incidence angles) were presented in [Ferreira, 2012a; Ferreira, 2013].
4.2.1 Thin film deposition
The inert argon atmosphere during deposition had a total working gas pressure
of 3.9 · 10−3 mbar. This is a standard working gas pressure used at DTU Space to
deposit the thin films. It was low enough to obtain a low surface roughness of the
deposited thin films and sufficiently high to sustain a stable plasma.
The powers applied to the iridium and boron carbide cathodes were 300 W and
1000 W, respectively. The power characteristics are presented in Figure 4.9 from
which indications of a stable plasma is observed in both material cases.
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Power characteristics for the linear graded multilayer deposition
FIGURE 4.9: Applied power as function of time. 1000 W was applied to the boron carbide target and
300 W to the iridium target. The d1 – d5 represents the bi-layers illustrated in Figure 4.12. This indicate
the relation between the power and the film thickness
4.2.2 Chemical exposure and stacking
A key aspect of the ATHENA optics is the stacking of mirror plates into mirror
modules. To accomplish this, the coated mirror plates underwent chemical ex-
posure to a lift-off process consisting of Dimethyl Sulfoxide (DMSO) and a stan-
dard clean 1 (SC-1) process [Plummer, Deal, and Griffin, 2000]. This resulted in a
patterned SPO mirror plate with alternating X-ray reflecting and bonding zones,
where the bonding zones were extremely clean SiO2. The procedure from the
photo-lithographic process to the stacking process is illustrated in Figure 4.10.
A mandrel, M33 (20 m focal length), was used to stack the mirror plates [Collon,
2015; Collon, 2018]. This mandrel was designed to shape the mirror plates into the
Wolter 1 configuration.
The full stack was composed of 12 mirror plates with the bottom mirror plate
turned upside-down relative to the 11 other mirror plates. This is referred to as
the baseplate (reflective side was placed on mandrel surface with ribbed legs up-
wards). An image of the stack, HPO-0717, placed on top of the mandrel, is illus-
trated in Figure 4.11.
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Process scheme of SPO technology
FIGURE 4.10: Illustration of the photo-lithographic, thin film deposition, lift-off and cleaning, and
stacking processes.
SPO stack with a linear graded multilayer coating
FIGURE 4.11: Images of the SPO stack (HPO-0717).
4.2.3 Modeling of the linear graded multilayer
The HPO-0717 stack was characterized (XRR) using synchrotron radiation at the
PTB’s FCM beam-line. The stack illuminated with photons ranging in energies
from 3.4 – 10.0 keV at a fixed incidence angle of 0.6 degrees.
The best-fit values for the linear graded coating is presented in Table 4.3. The
Γ-value defined by the thickness (z) ratio between the high- and the low-density
material: Γ ·d = zIr and (1−Γ) ·d = zB4C , where zIr is the thickness of Ir and zB4C
is the thickness of B4C.
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The density of the top layer boron carbide as well as the interface boron carbide
layers was significantly lower than the nominal density (expected density. 2.52
g/cm3). This is a strong indication of the deposited boron carbide being rather
porous. The best-fit model parameter of the boron carbide top-layer is 2.71 nm,
which was significantly lower than the design value. This infers that the top-
layer thickness was reduced from thin film deposition to the XRR characterization
at PTB. From the a priori knowledge about the thin film deposition process, the
plasma was stable (referring to the discharge power presented in Figure 4.9) and
the sample was exposed to the flux of sputtered boron carbide material for a longer
duration than the boron carbide layer deposited in the bi-layer, d5. The boron car-
bide layer thickness in d5 was modeled to 7.62 nm and it was therefore expected to
obtain a top-layer thickness of ∼9.62 nm based on the deposition rate being con-
stant. The likely explanation for the thickness reduction was that part of the boron
carbide layer was washed/etched away in the chemical exposure process. How-
ever, it was only observed for the top-layer boron carbide and not the interface
layers. This could be explained by the iridium layer acting like a protective layer
for the interface boron carbide layers.
Illustration of the linear graded multilayer design
FIGURE 4.12: Illustration of the linear graded multilayer coating with different bi-layer thicknesses
(d1 – d5).
The best-fit model is presented in Figure 4.13, along with two other models:
one where there is no top B4C layer and one where the B4C top-layer is 8.0 nm.
The notable effect of the boron carbide top-layer was observed below 7 keV. In
the model with no top-layer, the reflectance was lower below 7 keV, which was
4.2. Multilayer coated X-ray reflecting stack for the ATHENA mission 67
Ir/B4C ML Best-fit
design parameters
Layer Aimed Aimed Γ Thickness Γ Density 〈Roughness〉
thickness (B4C)
(nm) (nm) (g/cm3) (nm)
Top 8.00 - 2.71 - 1.62 1.12
Cap 11.00 - 9.65 - - 1.12
d5 11.00 0.40 12.49 0.39 1.89 1.12
d4 9.50 0.40 10.64 0.38 1.89 1.12
d3 8.00 0.40 8.79 0.35 1.89 1.12
d2 6.50 0.40 6.94 0.32 1.89 1.12
d1 5.00 0.40 5.09 0.26 1.89 1.12
SiO2 - - 1.0 - - 0.40
Si - - - - - 0.40
TABLE 4.3: Ir/B4C multilayer design parameters. The aimed and fitted values of the d-spacing, Γ-
value and average interface roughness for each bilayer is shown in the table. The XRR measurement
was performed on the top plate from 3.4 to 10.0 keV.
explained by the reflectance properties of the low-density material discussed in
Chapter 2. By including the design value of the boron carbide thickness in the
model, there was a significant increase in reflectance at energies below 5 keV. The
best-fit model, including the top-layer thickness of 2.71 nm had a lower reflectance
at 1 keV compared to the model having 8.0 nm boron carbide. This reduction
in reflectance folds into the calculation of the effective area and as a result of the
reduction in top-layer thickness, the effective area at 1 keV was approximately 10%
lower than the design.
This introduces another issue, which is the reproducibility of the linear graded
multilayer coating. Processing more than 100,000 mirror plates for the ATHENA
flight optics, having different coating designs will make the ground calibration of
the full optics nearly impossible, and ultimately have an impact on the data post-
processing of X-ray observations in space.
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Best-fit of mirror plate (sample 281-09) after chemical exposure and stacking
FIGURE 4.13: Reflectance with respect to energy measured with a fixed incidence angle of 0.6 deg.
The best-fit model, having a top-layer thickness of 2.71 nm, along with two other models: one without
a top-layer and another with an 8.0 nm thick top-layer. Data from sample 281-09.
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4.3 Composition and stability study of boron carbide
and iridium thin films
As part of the coating development for ATHENA, it was decided to investigate the
composition and stability of single layers of boron carbide and iridium individu-
ally compared to the bi-layer configuration of the two. The characterization tools
at hand during this study were XPS and 8.047 keV XRR. At 8.047 keV XRR the
boron carbide layer is transparent when analyzed in the bi-layer configurations,
however analyzing a single layer of boron carbide on top of a silicon substrate can
provide information of the thickness and density.
The boron carbide top-layer thickness reduction (2.71 nm instead of 8.0 nm) and
the low density observed in Section 4.2.3 raised some questions regarding the com-
position and time-stability of the thin film material. The aim of this section is to
obtain an understanding of the true composition of the boron carbide film, which
shed light upon how resistant the material is to chemical exposure.
4.3.1 Deposition parameters
Multiple single layer films of iridium and boron carbide were deposited on witness
samples. The films were deposited under a working gas pressure of∼4·10−3 mbar
with the process parameters given in Table 4.4.
Material Ar flow Power Voltage Current Power density
(sccm) (W) (V) (A) (W/cm2)
Iridium 96 600 420 1.44 3.10
Boron carbide 96 1000 465 2.15 5.17
TABLE 4.4: Deposition parameters of the sputtered iridium and boron carbide single layer films.
4.3.2 Sample description
Four different thin film thicknesses were deposited of iridium and boron carbide
single layer films with the purpose of investigating the thin film composition and
time-stability at different thicknesses.
The best-fit parameters of the single layer iridium and boron carbide films obtained
immediately after deposition with 8.047 keV XRR are presented in Tables 4.5 and
4.6. The iridium thin films were best modeled with the 2-layer model and the
boron carbide films below ∼15 nm were best modeled with the 3-layer model and
the thicker boron carbide films with the 4-layer model. The top-layers presented in
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Table 4.6 indicate a thickness of ∼2 nm with a density of ∼2.4 g/cm3. According
to the XPS data (presented in Chapter 3) this layer was composed of a vast amount
of boron oxide.
Sample ID Fitted Fitted Fitted
thickness top roughness substrate roughness
(nm) (nm) (nm)
si6537 4.58 0.21 0.27
si6539 8.31 0.21 0.24
si6543 16.67 0.22 0.25
si6547 25.31 0.23 0.25
TABLE 4.5: Best-fit parameters of single layer iridium samples.
Sample Layer Composition Thickness Density Roughness
ID [nm] [g/cm3] [nm]
si6583 Top B4C 0.97 2.40 0.21
Intermediate 2 B4C 4.23 1.86 0.21
Intermediate 1 SiO2 1.0 2.65 0.21
Substrate Si - - 0.21
si6587 Top B4C 1.80 2.38 0.37
Intermediate 2 B4C 6.83 1.82 0.37
Intermediate 1 SiO2 1.0 2.65 0.37
Substrate Si - - 0.37
si6591 Top B4C 1.99 2.49 0.34
Intermediate 3 B4C 15.22 2.18 0.34
Intermediate 2 B4C 3.32 1.94 0.34
Intermediate 1 SiO2 1.0 2.65 0.34
Substrate Si - - 0.34
si6593 Top B4C 1.75 2.34 0.24
Intermediate 3 B4C 26.34 1.96 0.24
Intermediate 2 B4C 1.56 2.19 0.24
Intermediate 1 SiO2 1.0 2.65 0.24
Substrate Si - - 0.24
TABLE 4.6: Best-fit parameters of single layer boron carbide samples.
4.3.3 Chemical composition
The composition of the iridium and boron carbide single layer films was deter-
mined using the XPS characterization method, for which the analysis procedure
was explained in Chapter 3. The thin films were characterized within 30 hours
after thin film deposition and exposure to the atmosphere.
4.3.3.1 Iridium single layer films
The depth profile of the atomic concentration with respect to the etching time is
presented in Figure 4.14. On the surface of the iridium film, carbon, nitrogen and
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oxygen were detected, which originates from hydrocarbons and other atmospheric
residuals accumulating on the surface when exposed to the atmosphere [Graessle,
2004]. The Ir4f7/2 peak was fit with a LF(0.6, 1, 50, 150) line-shape with a peak at
61.0 eV. The three other elements were fit with a GL(30).
The peak binding energies (BE) observed in the film as well as the film surface are
given in Figure 4.15.
XPS characterized depth profile of single layer iridium
FIGURE 4.14: Atomic concentration vs etching time of non-reactively sputtered iridium. Data from
XPS sample deposited in the same batch as si6539 with a thickness of ∼8 nm.
Chemical states observed in the iridium film
FIGURE 4.15: Overview of the detected energy states in the iridium film surface and interior. The Ir4f
spectra was fitted with a LF(0.6,1,50,150) line-shape.
4.3.3.2 Boron carbide single layer film
Several compound states were observed in the film surface of a thick boron carbide
film within the B1s, C1s, N1s and O1s high-resolution spectra.
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The boron carbide films indicate a high reactivity with oxygen and nitrogen when
exposed to the atmosphere (see Figure 4.16). Rao suggests that the surface of the
boron carbide films oxidize when exposed to the atmosphere while Litz and Mer-
curi suggest that this oxidization mainly occurs if the boron carbide is exposed to
a temperature higher than 250◦C [Rao, 2018; Litz and Mercuri, 1963]. The chem-
ical reactions between water and boron carbide powder observed by the latter at
temperatures above 250◦C were:
B4C + 8H20 –> 2B203(l) + CO2 + 8H2 and/or
B4C + 6H20 –> 2B203(1) + C + 6H2
XPS characterized depth profile of single layer boron carbide
FIGURE 4.16: Atomic concentration vs etching time of non-reactively sputtered boron carbide.
B1s spectrum. Based on the XPS analysis of a thick boron carbide single layer,
the oxidized boron was detected in two states: one observed at a BE of 193.6 eV,
which was assigned to boron oxide (B2O3) and the other observed at a BE at 192.3
eV, which was assigned to boron oxynitride (BxOyNz), likely an intermediate state
between boron nitride generally reported at 190.6 eV and B2O3 [Ong, 2004; Gouin,
2010].
The depth profile analysis showed that the boron carbide film composition was
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rather stochiometric B4C with a BE measured at 188.4 eV [Jiang, 2011; Soufli, 2008].
Hence, another chemical binding was assigned to BxCy with a peak BE at 189.6 eV.
C1s spectrum. The C1s spectrum was deconvoluted into four component peaks
in the film surface analysis. Peaks were identified at 283.0 eV, 284.6 eV, 286.4 eV
and 288.4 eV. The two lower energies were assigned to B4C and CxCy , respectively,
and the two higher energies were appointed to carbon oxide (CxOy) states [Yang,
2010; Ech-Chamikh, 2006; Hu, 1998].
Three chemical states were detected in the film interior: BxCy at 282.3 eV, B4C at
283.0 and either BxCy or CxCy at 284.1 eV. There were no indication of carbon
bonds with oxygen in the C1s spectrum.
N1s spectrum. The N1s energy states were primarily present in the film sur-
face due to atmospheric influence on the film. However, the atomic concentration
of the nitrogen compounds was very low, ∼2%. Literature suggests that the BE
detected at 398.8 eV represents carbon nitride and the BE observed at 399.9 eV
represents a NxHy bond and for the highest energy state at 401.6 eV, literature
suggests that it was a carbon oxide state [Tessier, 2000].
O1s spectrum. The BEs observed in the O1s spectrum were located at 531.8
eV and 532.9 – 533.0 eV in the film surface as well as the film interior. The lowest
energy state was ascribed to a CxOy chemical state, though it may be a BxCyOz
compound as well. The higher energy was very likely boron oxide (B2O3).
A higher concentration of oxygen was observed in the film surface compared with
the film interior. This is explained by a diffusion of oxygen into the film. The evo-
lution of this diffusion is presented in Section 4.3.4.
A lower amount of oxygen has been observed in the film interior, however it was
still present. The O1s spectrum indicated boron bonds with oxygen, even though
it was not observed in the B1s spectrum. The peak BEs of the chemical states were
observed at the same energies as for the film surface.
The mentioned chemical states with their respective BEs are shown in Figure
4.17.
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Chemical states observed in the boron carbide film
FIGURE 4.17: Energy states of non-reactively sputtered boron carbide.
4.3.4 Time stability
Immediately after each coating deposition the samples were characterized with
8.047 keV XRR. To identify potential short- and long-term instabilities of the thin
films, they were measured one week, one month and ∼5 months after deposition.
4.3.4.1 Iridium single layer films
The non-discrepancy of the reflectivity curves performed at 8.047 keV, presented
Figure 4.18 shows no indications of time-evolution of the single layer iridium films.
This was investigated for four different layer thicknesses: 4.58 nm, 8.31 nm, 16.67
nm and 25.31 nm. Additionally, no composition variations were observed for the
iridium film besides the hydrocarbons accumulating on the surface.
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Reflectivity curves of single layer iridium films
FIGURE 4.18: 8.047 keV reflectivity plots of single layer iridium films time stability with the best-fit
parameters of the 0 days data set. A 2-layer model was used to fit the data.
4.3.4.2 Boron carbide single layer films
As the XPS data indicated critical changes occurred to the boron carbide composi-
tion, due to an oxidation of the top-layer when continuously exposed to the atmo-
sphere. The reflectivity curves of four different thicknesses (see Table 4.6 of boron
carbide are presented in Figure 4.19. The change in reflectance was explained by a
diffusion of oxygen into the porous boron carbide film.
The thickness and density evolution have been studied in detail for sample si6587,
showing a clear tendency to a significantly thinner boron carbide film indicated by
the best-fit parameters, given in Table 4.7.
As mentioned earlier the top-layer was assigned to a boron oxide surface indicated
by the XPS measurements with a thickness of 1.80 nm and a density of 2.38 g/cm3.
This sample was characterized a few hours after exposure to the atmosphere, indi-
cating that the reaction was instant. The boron carbide intermediate layer 2 had a
thickness of 6.83 nm and a density of 1.82 g/cm3, well below the nominal density.
A similar boron carbide density was observed for the linear graded multilayer dis-
cussed in Section 4.2.3.
After 4.5 months, the top-layer thickness of the single layer film increased to 2.42
nm and the intermediate layer 2 decreased to 3.74 nm (see Table 4.7). The total
thickness change of the entire single layer film (top-layer + intermediate layer 2)
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was a decrease of a compelling 2.47 nm.
This was likely the explanation for the thickness reduction observed for the top-
layer boron carbide thin film in the linear graded multilayer together with chemi-
cal exposure.
Reflectivity curves of single layer boron carbide films
FIGURE 4.19: Four different thicknesses of single layer boron carbide films (the samples presented in
Table 4.6) characterized with 8.047 keV XRR. The best-fit parameters are given for the data set taken im-
mediately after exposure to the atmosphere. The discrepancy between the reflectivity curves indicates
an evolution in the film thickness/density.
Time after Layer Modeling Thickness Density Roughness
exposure to composition
the atmosphere
[nm] [g/cm3] [nm]
0 days Top B4C 1.80 2.38 0.37
Intermediate 2 B4C 6.83 1.82 0.37
Intermediate 1 SiO2 1.0 2.65 0.37
Substrate Si - - 0.37
7 days Top B4C 2.05 2.37 0.46
Intermediate 2 B4C 4.74 1.79 0.46
Intermediate 1 SiO2 1.0 2.65 0.46
Substrate Si - - 0.46
1 month Top B4C 2.44 2.25 0.36
Intermediate 2 B4C 4.20 1.80 0.36
Intermediate 1 SiO2 1.0 2.65 0.36
Substrate Si - - 0.36
4.5 months Top B4C 2.42 2.27 0.48
Intermediate 2 B4C 3.74 1.84 0.48
Intermediate 1 SiO2 1.0 2.65 0.48
Substrate Si - - 0.48
TABLE 4.7: Best-fit parameters of the time-evolution reflectivity curves of a single layer boron carbide.
Data from sample si6587.
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4.4 Reactive sputtered boron carbide and iridium thin
films
4.4.1 Introduction
The chemical composition of thin films depends strongly on the sputtering pro-
cess. The previously discussed films were deposited under a "pure" argon (inert
gas) atmosphere. By introducing nitrogen the sputtering process becomes reactive,
which results in compound materials bonded with nitrogen [Veszi, 1953].
Not all materials are chemically reactive in a reactive sputtering process. The re-
activity of boron carbide and iridium with nitrogen was studied in this section.
Furthermore, the stability of the chemical composition when exposed to the at-
mosphere was investigated, with the aspiration of obtaining a chemically stabile
boron carbide nitride film, insusceptible to water/oxygen in the atmosphere.
Studies suggest that a controlled reactive sputtering process improves the prop-
erties of the thin films in terms of reduced roughness [Windt, 2007]. The study
shows that boron carbide nitride films sputtered with 12% gas fraction of Ar:N2,
reach a nitrogen incorporation saturation and that using higher gas fractions are
redundant.
4.4.2 Thin film deposition
The depositions of the reactively sputtered films were performed using a mix of
argon and nitrogen gas. The gas fraction between the gasses was varied between
5 – 15 % of steps of 5%. The total gas pressure during deposition was ∼3.95 ·10−3
mbar.
The gas fractions presented in Table 4.8 were calculated with Equation 4.1.
Nflow = Arflow(
x
1− x ) (4.1)
Here, x is the gas fraction.
The reactivity between the target and the film with the nitrogen gas is directly
reflected in Figure 4.20. The sudden drop in pressure is explained by the adsorbed
of nitrogen into the target and the deposited film. The different pressure drops
are indications of the degree to which the system was saturated with nitrogen.
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Process # Ar flow rate N2 flow rate Gas fraction
(sccm) (sccm) %
1 88.0 4.6 5
2 85.0 9.4 10
3 81.0 14.3 15
TABLE 4.8: Argon and nitrogen flow rates.
The pressure decrease observed at 120 s was related to plasma ignition, for which
this was observed from 5% and up to 15% gas fraction. This drop in pressure
was not observed when depositing the iridium thin films, for which the pressure
characteristics are presented in Figure 4.21.
Working gas pressure characteristics of reactively sputtered boron carbide
FIGURE 4.20: Characteristics of working gas pressure during reactive sputter deposition of single
layer boron carbide films. The plasma was ignited at 120 seconds.
4.4. Reactive sputtered boron carbide and iridium thin films 79
Working gas pressure characteristics of reactively sputtered iridium
FIGURE 4.21: Characteristics of working gas pressure during reactive sputter deposition of single
layer iridium films. The plasma was ignited at 120 seconds.
4.4.3 Sample description
The best-fit parameters of the reactively sputtered single layer iridium and boron
carbide films obtained with 8.047 keV XRR are presented in Tables 4.9 and 4.10.
The iridium deposition rate decreased slightly when deposited using reactive sput-
tering, hence the top- and interface-roughnesses were unchanged.
Compared to the non-reactively sputtered boron carbide films, the densities of the
top- and intermediate layers were different. The data was complicated to obtain a
good fit from and to conclude further on the thicknesses and densities observed a
lower X-ray reflectometry beam-line (E < 2 keV) is required.
Sample ID Fitted Fitted Fitted
thickness top roughness substrate roughness
(nm) (nm) (nm)
si6670 4.44 0.23 0.29
si6674 8.20 0.22 0.23
si6678 16.29 0.21 0.23
si6682 24.53 0.26 0.33
TABLE 4.9: Best-fit parameters of reactively sputtered single layer iridium samples.
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Sample Layer Composition Thickness Density Roughness
ID [nm] [g/cm3] [nm]
si6734 Top B4C 1.77 2.27 0.39
Intermediate 2 B4C 2.33 1.94 0.39
Intermediate 1 SiO2 1.0 2.65 0.39
Substrate Si - - 0.39
si6738 Top B4C 2.44 2.11 0.33
Intermediate 2 B4C 4.13 1.89 0.33
Intermediate 1 SiO2 1.0 2.65 0.33
Substrate Si - - 0.33
si6742 Top B4C 9.28 2.45 0.24
Intermediate 3 B4C 8.73 2.34 0.24
Intermediate 2 B4C 3.96 2.11 0.24
Intermediate 1 SiO2 1.0 2.65 0.24
Substrate Si - - 0.24
si6746 Top B4C 21.15 2.49 0.26
Intermediate 3 B4C 8.70 2.17 0.26
Intermediate 2 B4C 7.10 1.95 0.26
Intermediate 1 SiO2 1.0 2.65 0.26
Substrate Si - - 0.26
TABLE 4.10: Best-fit parameters of reactively sputtered single layer BxCyNz samples.
4.4.4 Composition of reactively sputtered films
The film compositions of reactively sputtered iridium and boron carbide were de-
termined with XPS measurements. The iridium showed no chemical change com-
pared to the results presented of non-reactively deposited iridium.
The films grown from the reactively sputtered boron carbide target indicated a
strong reaction with nitrogen. A single chemical state appeared in the B1s spec-
trum with BEs in the range 192.0 – 192.4 eV (Figure 4.22) for the films deposited
at three different gas fractions. Boron nitride films are often reported with BEs
around 190.8 eV [Prakash, 2016]. Higher BEs may be explained by a process called
hydroxidation of boron atoms with oxygen [Qu, 2018]. The film composition is
believed to contain a boron oxynitride chemical state. In accordance with Quan’s
study performed using RF sputtering technique of boron nitride films, residuals
of water, oxide gasses or other contamination during the deposition can affect the
stability of the films when exposed to the ambient [Quan, 2017].
BEs observed in the C1s and N1s strongly suggested nitrogen bonds with carbon.
The films characterized with XPS were only 6 – 7 nm thick and the peak energy at
532.4 eV is likely originating from the native silicon oxide layer on the substrate.
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Chemical states observed in the reactively sputtered BxCyNz films
FIGURE 4.22: Overview of the observed energy states in the reactively sputtered BxCyNz films.
4.4.5 Stability of reactively sputtered films
A similar characterization procedure (as mentioned in Section 4.3.4) was carried
out to investigate the chemical stability of the reactively sputtered thin films.
4.4.5.1 Stability of iridium films
Similar results were observed in terms of time-stability of the reactively sputtered
single layer iridium films as for non-reactively sputtered. The likely reason for this
was that the iridium material was non-reactive to nitrogen and was sputtered as
pure iridium. There was a slight difference in the deposition rate of reactively sput-
tered iridium compared to non-reactive. The reactively sputtered films deposited
at a gas fraction of 15% is on the order of 1 nm thinner than the non-reactively
sputtered films. The likely culprit is the mass discrepancy of the ionized atoms
bombarding the target, now being a combination of nitrogen and argon.
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Reflectivity curves of reactively sputtered single layer iridium films
FIGURE 4.23: 8.047 keV reflectivity plots of single layer iridium films deposited at a gas fraction of
15%. The iridium films show time stability and the best-fit parameters of the data acquired immediately
after exposure to the atmosphere are given.
4.4.5.2 Stability of boron carbide nitride films
The boron carbide nitride films deposited contained a high level of oxygen. This
suggests oxidation of the boron nitride as well, also altering the stability of the
reflectivity curves with time. This is shown in Figure 4.24 for four different thin
film thicknesses, all indicating a time instability. The film thickness decreased with
time most likely due to a similar effect as the non-reactive deposited boron carbide
films. The effect may be explained by the phenomenon described in [Anutgan,
2009]. Here, films deposited at low temperatures (25 – 125◦C) exhibit instability
due to a high porosity, which led to an incorporation of water molecules into the
film structure. This results in boron oxide and ammonium borate hydrate crystal-
lites, consequently reducing the thickness of the film.
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Reflectivity curves of reactively sputtered single layer BxCyNz films
FIGURE 4.24: 8.047 keV reflectivity plots of single layer BxCyNz films deposited at a gas fraction
of 15%. The BxCyNz films show time instability and the best-fit parameters of the 0 days data set is
presented.
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4.5 Chapter summary
A brief overview of the DC magnetron deposition facility located at DTU Space
in Denmark was presented. The sample preparation including an oxygen plasma
cleaning of the substrates to improve the cleanliness of the substrate surface has
been shown.
The first silicon pore optics stack with an optimized linear graded multilayer has
been produced, characterized and analyzed. In the analysis the complex film struc-
ture was modeled to data acquired at 3.4 – 10.0 keV with an incidence angle of 0.6
deg. As shown through this analysis, the first instances of boron carbide films de-
posited with DC magnetron sputtering at DTU Space have a significantly lower
density than nominal density. This is part of the explanation for the reduced top-
layer thickness of the boron carbide in the multilayer structure.
An experimental procedure was established to investigate this density varia-
tion further. Four different thicknesses of single layer boron carbide and iridium
thin films were deposited and characterized with 8.047 keV XRR and XPS. With
these characterization tools, the composition and stability with time was deter-
mined. The iridium films did not change composition and were stabile with time.
An indication of hydrocarbons accumulating on the surface was observed.
The boron carbide films proved chemically unstabile when exposed to the ambi-
ent, which presumably is due to the strong reactivity with the atmosphere. The
XPS modeling indicated boron oxide formation along with other chemical states
of carbon oxide in the film surface. A depth profile of a thick boron carbide film
(∼30 nm) provided a good picture of the slow diffusion of oxygen into the porous
boron carbide film. It was shown that boron carbide single layer films can be ana-
lyzed at 8.047 keV XRR and conclusions on the thickness and density can be drawn
from this method. It was shown that boron carbide is highly unstabile with time,
continuously, changing reflectivity properties due to composition changes, fortify-
ing the XPS results.
Previous research performed in the same field on iridium/boron carbide bi-layers
concluded on the stability of the boron carbide top-layer. However, due to the
dominating reflectance from the iridium layer, the boron carbide is transparent to
the high-energetic photons making the method inadequate to extract information
of the boron carbide thickness and density.
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A working hypothesis was established in this work, postulating that the com-
position of boron nitride films deposited reactively from a boron carbide target
would attain an insusceptible to water and oxygen in the atmosphere. It was based
on saturating the boron film with nitrogen, making it resistant to the atmosphere.
Even though boron nitride films were produced, they contained a large amount of
oxygen. The composition analysis was performed on thin boron nitride films (∼6
– 7 nm) making the substrate features dominant in the XPS spectra. This compli-
cated the analysis due to overlapping features, however it is still under investiga-
tion whether the oxygen in the boron nitride film originates from the deposition
process or the exposure to ambient conditions after deposition. A time-evolution
was revealed in the 8.047 keV reflectivity data of the single layer boron carbon
nitride films.
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Chapter 5
The state-of-the-art coating
facility for the ATHENA
mission
Abstract. This chapter considers requirement specification, equipment and supplier
selection of the coating facility for ATHENA. Secondly, the preparation, testing and
installation of the coating facility and commissioning are presented. Finally, an esti-
mate is given on the coating of all the mirror plates for the flight production phase and
up-scaling considerations based on the commissioned facility.
ESA continues to mature the optics technology for the ATHENA mission and
the associated up-scaling capabilities. The ATHENA mission is proposed to be for-
mally adopted in late 2021; however this requires the programmatic and technical
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efforts to reach a technology readiness level 6 ("Full Technology in System or Sub-
system" [Technology readiness levels handbook for space applications 2008]). Part of this
effort goes into addressing the industrialization of the SPO mirror plates coating.
Currently, the R&D work described in Chapter 4 has been performed in the drum
coater installed at DTU Space. However, the production of more than 100,000 mir-
ror plates required for the ATHENA mission demand an industrial scale facility.
The challenge is therefore to transfer the well-established coating process and tech-
niques.
A Gantt chart presenting the overall steps of the process from the market research
to the commissioning of the new chamber is shown in Figure 5.1.
Gantt chart of the implementation of a new coating facility for ATHENA
FIGURE 5.1: Gantt chart of the acquisition, testing, installation and commissioning process.
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5.1 Coating facility requirements
To select a thin film deposition system one has to fully understand the purpose of
the machine and be compliant with the requirements of the end product. A set of
requirements were given by ESA based on R&D performed at DTU Space and the
scientific community board of ATHENA. The long list of requirements has been
concentrated to four key requirements, as follows.
• The coating facility shall be capable of applying thin-film coatings such as
boron carbide and iridium to the mirror plates
• The surface roughness of the deposited thin film shall be lower than 0.5
nm and the interface roughness shall be lower than 0.4 nm
• The coating facility shall be capable of processing 300 mirror plates per
day
• The thin film thickness uniformity shall vary less than 5% across the mir-
ror plate
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5.2 Market research and supplier selection
5.2.1 Selection of deposition technique
The market research was carried out with a goal of maximizing the plate through-
put while, at the same time, maintaining a high film quality. This put strong con-
straints on the deposition method. Several deposition techniques were examined
in literature, such as ion beam sputtering, atomic layer deposition and e-beam
evaporation. The ability of the technique to apply high quality iridium and boron
carbide thin films onto substrates, while at the same time maintaining the high
film quality at an industrial scale at a reasonable cost, was the primary motivation
behind technique decision.
DC magnetron sputtering has been adopted for depositing reflective coatings on
numerous X-ray telescopes and, as such, is the method with a good track record
for the application in question.
For the Advanced X-ray Astrophysics Facility (AXAF), a detailed study of deposi-
tion techniques for X-ray optics was performed [Slane, 1992]. In this study, mag-
netron sputtering outperformed evaporated coatings mainly due to higher ener-
getic sputtered atoms resulting in a higher mobility, hence a more dense film. This
was confirmed by a study that compares magnetron sputtering to electron-beam
evaporation and thermal evaporation [Swann, 1988], in which numerous advan-
tages of magnetron sputtering are mentioned, including: excellent uniformity on
large-area substrates, high adhesion of the films to the substrate, ease of sputter-
ing any kind of metal, compound, low cost, high reliability, ease of process control
and high deposition rates. These are extremely important aspects for the thin film
requirements for ATHENA so DC magnetron sputtering was considered the best
approach.
Likewise, the optics for NuSTAR, the Pt/C and W/Si multilayer thin-films, were
successfully deposited using the DC magnetron sputtering technique [Christensen,
2011]. Applicability of Ir/B4C layers to ATHENA mission showed to fulfill the
quality requirements.
5.2.2 Market research
With the deposition method in place, several thin film deposition companies of-
fering DC magnetron systems were contacted. Three different system types were
offered and considered: cluster coater, drum coaters and in-line coaters. However,
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due to the high price and the short-coming on the throughput requirement, the
cluster coaters were taken out of the competition.
From the large group of suppliers, comparison and trade-off tables were created.
This provided a clear overview of the options, which led to the down-selection
phase. The down-selection was based on several practical and technical param-
eters, such as machine type, target-to-substrate flexibility, pump-down time, pre-
purchase testing, throughput, cost, country of origin and more.
Von Ardenne, a German company with an excellent track record of designing and
manufacturing sputtering systems, scored highest in the overall assessment. The
runner-up company was given a similar score, but the main difference was the
flexibility of performing a pre-purchase test. Von Ardenne was the only of the two
able to perform the test within a reasonable price and time schedule.
Von Ardenne consequently won the contract with DTU Space.
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5.3 Design, fabrication and testing
Von Ardenne, offered a DC magnetron sputtering drum coater, model BS1500S,
which is a custom made device based on the drum coater operating at DTU Space.
An illustration of the BS1500S is presented in Figure 5.2. The drum coater has
four process stations, where two magnetrons and one inverse sputter etching unit
accommodates three of them. This leaves one port for a third magnetron making it
possible to deposit tri-layer thin films (e.g. chromium, iridium and boron carbide).
The right hand side image in Figure 5.2 shows a technical drawing of the chamber
seen from the top. There are 14 holding spots for the carriers, where the sputter
throwing distance can be varied.
Illustration of the newly installed coating machine dedicated for ATHENA
FIGURE 5.2: Sketches of the custom designed drum coater, BS1500S. c© VON ARDENNE Corporate
Archive
5.3.1 Von Ardenne magnetrons
The planar Small Standard Magnetron (SSM) sputter source is a key-component
of Von Ardenne company’s SSM type series of rectangular standard single sput-
ter sources operated in DC mode. The magnetrons were vertically arranged at the
outer circumference of the process chamber, see Figure 5.2. The flanges of the mag-
netrons were designed as a door for easy access for maintenance and replacement
of targets. Compared to the existing sputter unit located at DTU Space, which has
the full magnetron unit placed inside the chamber, the contamination exposure
surface area of the BS1500S is significantly smaller. This was a great advantage in
terms of chamber preparation, pump-down time and maintenance time. The SSM
source accommodates targets that are 600 mm long and 108 mm wide. The targets
were bonded to a copper backing plate ensuring a smooth electrical transition to
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the target as well as cooling of the target. The targets were divided into tiles to
reduce the risk of cracking during high power loads. An illustration of a SSM with
target material and honey-comb collimation is shown in Figure 5.3.
Image of a Von Ardenne magnetron with the honey-comb mesh
FIGURE 5.3: Image of an SSM accommodating target material divided into several tiles. A honey
comb collimation grid is placed 50 mm from the target surface.
5.3.2 Carrier design
The carrier design currently used at DTU Space is based on clamping the mirror
plates to a stainless steel frame. This requires an operator to manually tighten each
clamp without an extensive amount of force to avoid damage to the mirror plate.
This process is cumbersome, demanding a new carrier design.
The carrier design developed together with Von Ardenne was based on achiev-
ing a high throughput and the option of automation. The design consists of sev-
eral parts. The outer frame, made of aluminum and the inner frame produced in
stainless steel. This allows for maintenance of the carriers without damaging the
high-precision frames. Figures 5.4 – 5.6, illustrate three different carrier designs
dedicated for the inner-, mid- and outer-radii mirror plates.
Images of the carrier for the outer radius mirror plates
FIGURE 5.4: Illustration of outer radius mirror plate mounted in the carrier.
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Images of the carrier for the middle radius mirror plates
FIGURE 5.5: Illustration of middle radius mirror plate mounted in the carrier.
Images of the carrier for the inner radius mirror plates
FIGURE 5.6: Illustration of inner radius mirror plate mounted in the carrier.
5.3.3 Substrate pre-treatment
For a defined surface cleaning/pre-treatment, an Inverse Sputter Etcher (ISE) was
integrated in the deposition chamber. The ISE enables a surface cleaning prior
thin film deposition without breaking vacuum and exposing the surface for atmo-
spheric contamination.
The ISE unit ionizes oxygen and argon gas atoms, which are accelerated onto the
SPO mirror plate surface. The oxygen removes the organic material by either elas-
tically bouncing it off the surface or reactively forming H2O, CO2 and other prod-
ucts. An image of the process plasma is presented in Figure 5.7.
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Image of the plasma cleaning process
FIGURE 5.7: Oxygen plasma cleaning of a carrier in the BS1500S.
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5.4 Acceptance testing
5.4.1 Factory acceptance testing
Once the manufacturing of the drum coater was completed, the Factory Accep-
tance Testing (FAT) was conducted. This included testing a wide range of parame-
ters such as pump-down time, plasma stability, target changing, safety procedures,
thin film quality and more [Massahi, 2018].
The FAT experimental procedure was based on investigating the thin film param-
eter space within the current designs for the ATHENA mission. This included
deposition several different thin films: a blend of single- and bi-layer films of irid-
ium and boron carbide. This variety of thin films provided information about the
deposition rate, the surface and interface roughness and the density. These param-
eters were well known for iridium and boron carbide thin films deposited in the
DTU Space drum coater.
For a direct comparison, the working gas pressure and power density were set to
the same values as applied in the process performed at DTU Space. Furthermore,
the honey-comb collimation grid was installed in the path between the target sur-
face and the substrates.
5.4.2 Site acceptance testing
The site acceptance testing (SAT) was performed at cosine in the Netherlands. The
coating facility is presented in Figure 5.8. The grey room including components,
such as the pumps, water cooler, magnetrons etc. is shown in the left image. The
front of the coating chamber was placed in a clean-room where the mirrors were
mounted (right image).
The same experimental procedure performed at FAT was carried out at SAT. By
doing so, the reproducibility of the thin film quality before and after shipping was
studied. The reproducibility of the iridium film is shown by comparing the reflec-
tivity curves at 8.047 keV (illustrated in Figure 5.9).
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Images of the ATHENA coating facility
FIGURE 5.8: Pictures of BS1500S installed at cosine in the Netherlands.
Comparison of iridium film reflectance deposited at FAT and SAT
FIGURE 5.9: 8.047 keV reflectivity curves of ∼10 nm iridium single layer films deposited at FAT and
SAT. Data from sample Ir_100A_FAT and cs00002).
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5.5 Commissioning
5.5.1 Introduction
As part of the commissioning phase, experimental procedures were established to
investigate the film quality. Six experiments were carried out: uniformity map-
ping, collimation study, target to substrate study, composition study, time-stability
study and a chemistry study. They were designed carefully to test the performance
of the drum coater as well as the thin films produced in the machine.
5.5.2 Deposition parameters
The parameter settings used to perform the experiments in the acceptance testing
as well as the commissioning are given in Table 5.1. The high discharge power,
voltage and current values are noticeable compared to the values obtained in the
DTU Space drum coater. The increase in power was required to obtain the same
power density value with the larger target dimensions.
The rotation velocities for iridium were 0.128 and 0.043 rpm while for boron car-
bide the rotation velocities were 0.032 and 0.009 rpm. These velocities were based
on calibration measurements from the chamber acceptance testing. The aimed
thicknesses for the single layers were 10.0 nm and 30.0 nm for both type of ma-
terials.
Material Working Power Voltage Current Power
pressure density
(mbar) (W) (V) (A) (W/cm2)
Iridium 3.5·10−3 1860 600 3.10 3.10
Boron carbide 3.5·10−3 3200 705 4.54 5.17
TABLE 5.1: Deposition parameters of sputtered iridium and boron carbide thin films.
5.5.3 Uniformity mapping
Simulations presented by Ferreira show the effect of a film thickness variation of
20% in an optimized linear graded multilayer coating design composed of iridium
and boron carbide is significantly impacting the effective area around 6 keV [Fer-
reira, 2017].
For this reason, it was important during the commissioning phase to map the coat-
ing uniformity as a function of mirror position [Brejnholt, 2012]. Due to race tracks,
magnetic field topography and geometric factors, the atom flux (sputter yield)
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emitted from the target varies, with the maximum atom flux being emitted from
the center of the target.
This had an impact on the uniformity of the deposited thin films. As mentioned
in Section 5.1 the requirement from ESA is to obtain a maximum variation of±5%.
The uniformity study was carried using the iridium target. It was mapped by de-
positing a single layer of iridium on witness samples.
The experiment was carried out in two steps, referred to as the first uniformity
study and the second uniformity study. The first uniformity study maps the uni-
formity in the vertical and horizontal direction. The witness samples were mounted
with a center to center distance in the vertical and horizontal direction of 75 mm
and 90 mm, respectively (illustrated in Figure 5.10). In the second uniformity
study, the witness samples were mounted in center of the carrier with a center
to center distance of 15 mm at ±150 mm (illustrated in Figure 5.11).
A carrier sputtered with coating is presented in Figure 5.12, where the effect of
the magnetic racetracks is clearly shown.
Images of the sample setup for the first uniformity study
FIGURE 5.10: Witness samples mounted on the Von Ardenne carrier.
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Images of the sample setup for the second uniformity study
FIGURE 5.11: Witness samples mounted on the Von Ardenne carrier.
Footprint of the coated material on the carrier
FIGURE 5.12: Deposition pattern on carrier. The effect of the magnetic racetracks are reflected by the
curvy deposition pattern at the edges.
The samples were characterized with 8.047 keV XRR. The samples were scanned
from 0 – 3 degrees grazing incidence with a step size of 20 millidegrees. The film
thickness, top roughness and bottom roughness were derived from fitting the data
with the 2-layer model described in Chapter 3. The sample position on the carrier
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and the best-fit values are presented in Table 5.2. A small thickness variation was
observed by comparing coated samples placed in similar positions on the carriers
(cs00061/cs00017, cs00064/cs00002, cs00067/cs00028). The coating repeatability
between the two depositions is ∼ 0.6% in position (0,0).
The relative film thickness deviation of the two coating batches are presented in
Figures 5.13 and 5.14. The results show that the uniformity requirement of ±5%
along the 300 mm was fulfilled, however, there is room for improvement. Future
work can involve designing, manufacturing, installing and testing of a mask. The
purpose of the mask would be to decrease the flux of the sputtered atoms from the
center of the target, to even out the uniformity profile.
Sample Distance Distance Fitted Fitted Fitted
ID from x=0 from y=0 thickness top roughness substrate roughness
(mm) (mm) (nm) (nm) (nm)
cs00013 -100 225 7.88 0.25 0.31
cs00014 0 225 8.04 0.24 0.33
cs00015 100 225 8.03 0.24 0.32
cs00059 0 180 9.36 0.20 0.25
cs00060 0 165 9.55 0.18 0.29
cs00016 -100 150 9.52 0.23 0.33
cs00017 0 150 9.74 0.23 0.27
cs00061 0 150 9.59 0.18 0.29
cs00018 100 150 9.69 0.26 0.34
cs00062 0 135 9.71 0.16 0.22
cs00019 -100 75 9.87 0.25 0.32
cs00020 0 75 10.17 0.26 0.34
cs00021 100 75 10.01 0.25 0.35
cs00063 0 120 9.82 0.15 0.24
cs00022 -100 0 9.84 0.27 0.32
cs00002 0 0 10.03 0.25 0.25
cs00064 0 0 10.09 0.19 0.20
cs00023 100 0 10.01 0.28 0.32
cs00024 -100 -75 9.85 0.26 0.34
cs00025 0 -75 10.19 0.26 0.29
cs00026 100 -75 10.07 0.28 0.31
cs00065 0 -120 10.00 0.22 0.31
cs00066 0 -135 9.90 0.18 0.23
cs00027 -100 -150 9.73 0.27 0.34
cs00028 0 -150 10.00 0.25 0.33
cs00067 0 -150 9.82 0.18 0.23
cs00029 100 -150 9.95 0.27 0.35
cs00068 0 -165 9.70 0.18 0.19
cs00069 0 -180 9.53 0.19 0.23
cs00030 -100 -225 7.88 0.26 0.32
cs00031 0 -225 7.84 0.27 0.32
cs00032 100 -225 7.64 0.26 0.33
TABLE 5.2: Best-fit parameters of single layer iridium films obtained by applying the 2-layer model
to the 8.047 keV XRR data.
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Interpolated uniformity map derived from the first uniformity study
FIGURE 5.13: Interpolation of the relative film thickness deviation with respect to the film thickness
of sample cs00002. First uniformity study data.
Uniformity map derived from the second uniformity study
FIGURE 5.14: Relative film thickness deviation with respect to the film thickness of sample cs00064.
Second uniformity study data.
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5.5.4 Collimation effect on deposition rate and surface roughness
The honey-comb collimation discussed in Chapter 4 was installed and tested in the
BS1500S. Recalling that X-ray optics require extremely smooth surfaces to obtain
the highest reflectivity of impinging X-rays. A well collimated flux of impinging
atoms reduces the surface roughness of thin sputtered films [Vickery, 2008].
The purpose of this experiment was to evaluate to which degree the honey-comb
collimation reduced the surface roughness of the sputtered films. The deposition
rate, surface roughness and uniformity was investigated for the deposited iridium
and boron carbide, both including and excluding the honey-comb collimation.
The experimental phase was carried out by depositing single layers of iridium and
boron carbide, firstly by including the collimation grid and secondly by excluding
the collimation grid (see Figure 5.15).
Samples were mounted above and below the center sample, with a distance of
±75 mm and ±150 mm in vertical direction to obtain information on the unifor-
mity. The setup is illustrated in Figure 5.16.
The dynamic deposition rate (DDR) is a measure of how many nanometers of
material, z, deposited over a length, L, in meter per minute, t.
DDR =
z · L
t
(5.1)
By rewriting equation 5.1 one obtains an expression for the DDR given in Equation
5.2.
DDR = z · d · pi · v (5.2)
Here, d is the diameter of the carousel (1.4956 m in the BS1500S drum coater). v, is
the rotation velocity of the carousel given in rounds per minute (rpm).
Equation 5.2 was used to compare the dynamic deposition rate with and without
collimation.
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Images of the honey-comb collimation grid included and excluded in the
chamber
FIGURE 5.15: Illustration of the honey-comb collimation grid on the left image. Center image illus-
trates the installed honey-comb grid (looking from the target towards the carrier behind the collimator)
and the right image is without the honey-comb.
Images of the sample setup for the collimation study
FIGURE 5.16: Substrate placement on carrier.
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There was a significant increase in dynamic deposition rate (DDR) for the sam-
ples deposited without honey-comb collimation. The iridium films deposited with
a rotation velocity of 0.128 have an average DDR factor of 2.49. The same was valid
for the iridium film deposited with a rotation velocity of 0.043, for which the DDR
factor was 2.60.
The deposition of boron carbide films indicated the same tendency: an increase in
DDR of 2.80 was observed for the film deposited with a rotation velocity of 0.032
and an increase in DDR of 3.08 was observed for the film deposited with a rotation
velocity of 0.009. The increase in dynamic deposition rate was not due to a change
in sputter yield; however, more sputtered atoms are blocked by the honey-comb
collimation. The boron carbide films presented in this section was compared with
the samples analyzed in Chapter 3, for which the honey-comb collimation grid was
included in the deposition process (samples cs00006 and cs00008).
No significant discrepancy was observed in surface roughness for the iridium
films deposited with and without the honeycomb collimation (Table 5.3). This
is explained by the mass difference of the iridium atoms compared to the argon
atoms. Despite the collisions of iridium atoms with argon atoms before landing
on the substrate, the elastic scattering angle change of the iridium atom was small
due to iridium being much heavier.
A large discrepancy was observed in surface roughness for the boron carbide films
deposited excluding honey-comb collimation (Table 5.4). An increase in roughness
was observed for these films, having approximately a factor of two in difference.
There was an increase in non-uniformity of the thin films deposited without
collimation. This can be observed in Figure 5.17. Different thicknesses across the
measurement direction (coating direction) was observed for the thin films. Sample
cs00037, presented in Table 5.3, was fit from 0.3 – 3.0 deg and 2.2 – 3.0 deg grazing
incidence, from which two different thicknesses were obtained. This means that
the non-uniformity increased in both the horizontal and vertical directions.
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Sample Vertical distance Fitted Fitted Fitted
ID from position (0.0) thickness top roughness substrate roughness
[mm] (nm) (nm) (nm)
cs00017 150 9.74 0.23 0.27
cs00020 75 10.17 0.26 0.34
cs00002 0 10.03 0.25 0.25
cs00025 -75 10.19 0.26 0.29
cs00028 -150 10.00 0.25 0.33
cs00004 0 30.74 0.28 0.32
cs00033 150 23.77 0.27 0.36
cs00034 75 25.18 0.36 0.51
cs00035 0 25.66 0.28 0.47
cs00036 -75 25.25 0.31 0.38
cs00037 -150 23.88 0.30 0.34
cs00037* -150 25.74* 0.44* 0.15*
cs00038 0 79.26 0.73 0.16
TABLE 5.3: Single layer iridium films deposited with (above dashed line) and without (below dashed
line) collimation. *Fit from 2.2 – 3.0 deg (illuminating 3.13 – 2.29 mm of the sample)
Sample Layer Composition Thickness Density Roughness
ID [nm] [g/cm3] [nm]
cs00039 Top B4C 4.25 2.69 0.99
Intermediate 3 B4C 19.70 2.48 0.99
Intermediate 2 B4C 1.03 2.03 0.99
Intermediate 1 SiO2 1.0 2.65 0.85
Substrate Si - - 0.85
cs00040 Top B4C 6.04 2.58 0.88
Intermediate 3 B4C 58.17 2.54 0.88
Intermediate 2 B4C 4.37 2.10 0.88
Intermediate 1 SiO2 1.0 2.65 0.56
Substrate Si - - 0.56
TABLE 5.4: Boron carbide thin films deposited without collimation.
Dynamic deposition rates derived from the collimation study
FIGURE 5.17: Dynamic deposition rates derived from single layer iridium films deposited with and
without collimation.
5.5. Commissioning 107
5.5.5 Target to substrate distance study
The target-to-substrate-distance (TSD) was designed so the mirrors can be placed
at three different positions in the carousel. The TSDs available are: 105.0 mm,
125 mm and 150 mm. The deposition process at DTU Space was performed at a
TSD of ∼155 mm. As a result of a shorter throwing distance, the deposition rate
may increase due to less scattering of sputtered atoms and changes in the angular
distribution of the sputtered atoms [Broughton, 1996].
Illustration of the carousel
FIGURE 5.18: Illustration of the carrier holding carousel. Three different target-to-substrate distances
are applicable. c© Von Ardenne Corporate Archive
The geometry of the deposition chamber impacts the deposition rate. The Von
Ardenne chamber is equipped with magnetrons on the outside wall sputtering
towards the center of the chamber. A sketch of the geometrical sputtering setup in
the BS1500S is presented in Figure 5.19.
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Illustration of different TSD geometries
FIGURE 5.19: Simple sketch of the geometrical sputtering setup in the BS1500s.
Assuming a flux of material ejected from a single point of the target and match-
ing the angular velocity of the substrates mounted on the different TSDs, the ratio
between the deposition constants (C1 and C2) and the TSDs (R1 and R2) is:
C1
C2
=
R2
R1
(5.3)
From Equation 5.3 a higher deposition rate is expected for a longer TSD. This was
consistent with the experimental results for the thin film iridium films. A compari-
son of the DDR as a function of the vertical position for the three TSDs is presented
in Figure 5.20. These data are based on the best-fit parameters of the 8.047 keV re-
flectivity data, presented in Table 5.5. The roughness was similar for the films
deposited at the three different TSDs. However, the relative film thickness as a
function of the vertical direction was significantly different for the three different
TSDs. The uniformity worsen across the vertical direction of the magnetron when
increasing the TSD. This is presented in Figure 5.21.
For the boron carbide films, the deposition rate was similar for the three differ-
ent TSDs (see Table 5.6). A possible explanation is that the atoms are lighter than
iridium resulting in a shorter mean free path. Furthermore, the atomic weight was
rather similar to the argon atoms and the elastic scattering angle was significantly
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larger for the boron and and carbon atoms. A higher scattering angle may divert
the atom path from the sample.
Sample TSD Vertical distance Fitted Fitted Fitted
ID from thickness top substrate
position (0.0) roughness roughness
(mm) (mm) (nm) (nm) (nm)
cs00017 105.0 150 9.74 0.23 0.27
cs00020 105.0 75 10.17 0.26 0.34
cs00002 105.0 0 10.03 0.25 0.25
cs00025 105.0 -75 10.19 0.26 0.29
cs00028 105.0 -150 10.00 0.25 0.33
cs00004 105.0 0 30.74 0.28 0.32
cs00041 126.5 150 9.99 0.18 0.25
cs00042 126.5 75 10.39 0.19 0.23
cs00043 126.5 0 10.56 0.21 0.24
cs00044 126.5 -75 10.55 0.20 0.24
cs00045 126.5 -150 10.10 0.19 0.25
cs00051 126.5 0 31.94 0.26 0.32
cs00046 155.0 150 10.17 0.21 0.26
cs00047 155.0 75 10.72 0.20 0.26
cs00048 155.0 0 10.86 0.22 0.25
cs00049 155.0 -75 10.90 0.21 0.24
cs00050 155.0 -150 10.24 0.23 0.28
cs00054 155.0 0 32.66 0.26 0.33
TABLE 5.5: Best-fit parameters of single layer iridium films deposited at different TSDs.
Dynamic deposition rates of iridium single layer films for different TSDs
FIGURE 5.20: Dynamic deposition rates derived from single layer iridium films deposited at different
TSDs.
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Relative iridium film thickness deviation for different TSDs
FIGURE 5.21: Relative film thickness as a function of the vertical position of the coated substrates.
The film uniformity worsen with an increase in TSD.
Sample TSD Layer Composition Thickness Density Roughness
ID
(mm) (nm) (g/cm3) (nm)
cs00052 126.5 Top B4C 9.08 2.61 0.56
Intermediate 2 B4C 0.59 1.54 0.56
Intermediate 1 SiO2 1.0 2.65 0.38
Substrate Si - - 0.38
cs00053 126.5 Top B4C 1.88 2.23 0.32
Intermediate 3 B4C 18.67 2.55 0.32
Intermediate 2 B4C 1.35 1.62 0.32
Intermediate 1 SiO2 1.0 2.65 1.16
Substrate Si - - 1.16
cs00055 155.0 Top B4C 8.82 2.56 0.53
Intermediate 2 B4C 0.83 1.64 0.53
Intermediate 1 SiO2 1.0 2.65 0.33
Substrate Si - - 0.33
cs00056 155.0 Top B4C 3.71 2.58 0.62
Intermediate 3 B4C 15.78 2.51 0.62
Intermediate 2 B4C 1.77 1.28 0.62
Intermediate 1 SiO2 1.0 2.65 1.65
Substrate Si - - 1.65
TABLE 5.6: Best-fit parameters of single layer boron carbide films deposited at different TSDs.
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5.5.6 Composition study of iridium and boron carbide thin films
The iridium and boron carbide film compositions are likely not 100% similar to
their respective target. As mentioned earlier, contamination from the chamber, the
surface of the substrate and the atmosphere the samples are exposed to after depo-
sition, will impose changes to the film compositions. This can potentially change
the performance in the X-ray reflectance regime and the film properties.
The atomic depth profile of the single layer iridium, observed in Figure 5.22, indi-
cates a similar composition as the iridium films deposited at DTU Space. Hydro-
carbons mixed with oxygen accumulates on the surface of the film so, besides this,
the film is pure.
XPS characterized depth profile of a single layer iridium film
FIGURE 5.22: Atomic depth profile of periodic Ir single layer, sample cs00002
To investigate the growth of boron carbide onto iridium a bi-layer was coated
and characterized. The atomic concentration as a function of etching time is pre-
sented in Figure 5.23. The results indicate a high level of oxygen and carbon in the
film surface, likely originating from hydrocarbons mixed with oxygen. There is no
indication of B2O3 chemical states in the B1s spectrum. Hence, a peak BE located
at 189.8 eV may represent a chemical state of BxCyOz , which would explain the
high percentage of oxygen in the film. Also, several oxide states were observed in
the C1s spectrum. The observed BEs are presented in Figure 5.24.
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The film composition according to the B1s spectrum was similar in the film surface
and the film interior. BEs were observed at the same position. A change was ob-
served in the C1s spectrum where the contribution from a higher BE was observed
at 283.5 eV, which is denoted to BxCy states.
The thickness of the boron carbide top-layer has been determined to 7.83 nm
with a density of 2.12 g/cm3, which is a lower density than observed previously.
The iridium layer was 9.52 nm thick. The boron carbide and iridium surface rough-
nesses (0.70 nm) were combined in the model as well as the silicon oxide and sili-
con surface (0.87 nm).
XPS characterized depth profile of an iridium/boron carbide bi-layer film
FIGURE 5.23: Atomic depth profile of periodic Ir/B4C bi-layer. Data from sample cs00075
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Chemical states observed in the iridium/boron carbide bi-layer film
FIGURE 5.24: BEs of several chemical states in the bi-layer film.
Reflectivity curve of the iridium/boron carbide bi-layer film
FIGURE 5.25: Reflectance as a function of energy of an iridium/boron carbide bi-layer. Best-fit model
of data from sample cs00075.
5.5.7 Time stability of iridium and boron carbide thin films
Single layer boron carbide films described in Chapter 4 showed instability; for ex-
ample, after one week the film reflective properties changed drastically. Boron car-
bide film surfaces are known to be highly reactive with the atmosphere, which is a
critical issue for thin film purposes. Based on the XPS data presented in the former
section, the B1s spectra did not indicate large amounts of boron-oxide compounds
in the film deposited in the BS1500S. According to these results it was expected
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that the reflectivity did not change.
Four single layers of iridium and boron carbide films have been characterized
with 8.047 keV XRR, one week (DTU Space beam-line) and 9 months after coating
(PTB, FCM beam-line). As presumed, the iridium films were stable similar to the
films deposited at DTU Space. The measurements were performed at two different
beam-lines: DTU Space and PTB, BESSY II. The number of kiessig-fringes and the
peak positions are roughly constant for both types of films indicating good film
stability. However, a slight shift was observed for the boron carbide reflectivity
curves. This could be due to thicker layers of hydrocarbons forming on the surface
of the film with time. Reflectivity curves are presented in Figures 5.26 – 5.29.
The intensity discrepancy observed between the one week and nine months mea-
surements was explained by the different amount of non-specular X-ray reflected
light collected in the two different beam-lines (this was described in Section 3.2.5).
The best-fit iridium top- and interface-layer roughness discrepancy between the
two measurements was about 0.1 nm. To conclude on the change in boron carbide
best-fit parameters a low energy beam-line is required.
Comparison of 8.047 keV XRR (∼10 nm iridium single layer)
FIGURE 5.26: 8.047 keV reflectance as a function of grazing incidence. Sample cs00022 characterized
one week after coating and 9 months after coating.
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Comparison of 8.047 keV XRR (∼30 nm iridium single layer)
FIGURE 5.27: 8.047 keV reflectance as a function of grazing incidence. Sample cs00004 characterized
one week after coating and 9 months after coating.
Comparison of 8.047 keV XRR (∼9 nm boron carbide single layer)
FIGURE 5.28: 8.047 keV reflectance as a function of grazing incidence. Sample cs00006 characterized
one week after coating and 9 months after coating.
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Comparison of 8.047 keV XRR (∼23 nm boron carbide single layer)
FIGURE 5.29: 8.047 keV reflectance as a function of grazing incidence. Sample cs00008 characterized
one week after coating and 9 months after coating.
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5.5.8 Chemical exposure to iridium and boron carbide thin films
Two SPO substrates were coated with an iridium/boron carbide bi-layer with the
purpose of testing the coating wear resistance when exposed to chemicals. One
of them was reserved as a reference sample and the other was exposed to the
chemical procedure performed in the ATHENA optics production. Recall that this
process consists of a lift-off procedure where the coating is exposed to Dimethyl
sulfoxide (DMSO), after which the coating is exposed to a diluted SC-1 cleaning
procedure. The samples were characterized at the PTB synchrotron facility, where
energy scans from 3.6 – 10.0 keV were performed at a grazing incidence of 0.6 de-
grees.
The best-fit parameters of the bi-layers are presented in Table 5.7. The iridium
thickness was in the two cases indicating that the iridium film was intact after
chemical exposure. A reduction of ∼1.0 nm in boron carbide thickness was evi-
dent after the chemical exposure. The slight reflectance discrepancy observed in
Figure 5.30 is certainly caused by the variation in boron carbide thickness.
This was the first result of a nearly intact boron carbide top-layer after chemical
exposure compared to the results presented in Chapter 4 for the SPO stack. This
could be explained by the very low oxidation of the boron carbide deposited in
the BS1500S compared to the DTU Space drum coater. Actually, the SC-1 process
etches oxide compounds leaving a highly oxidized layer exposed to the chemical
procedure [Pandit, 2006]. Naturally, this was a preliminary result and further tests
have to be performed to draw profound conclusions.
Chemical exposure Layer Composition Thickness Density Roughness
(nm) (g/cm3) (nm)
None Top B4C 7.71 2.37 0.69
Intermediate 2 Ir 9.98 - 0.69
Intermediate 1 SiO2 1.0 2.65 0.96
Substrate Si - - 0.96
Yes Top B4C 6.76 2.28 0.73
Intermediate 2 Ir 9.98 - 0.73
Intermediate 1 SiO2 1.0 2.65 0.88
Substrate Si - - 0.88
TABLE 5.7: Boron carbide thin films deposited without collimation.
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Comparison of reflectivity curves shown for iridium/boron carbide bi-layer
films
FIGURE 5.30: Comparison of the reflectance curves of a sample exposed to chemicals and a reference
sample. The reflectance discrepancy is caused by a slight thickness difference.
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5.6 Estimated coating production rates for the ATHENA
flight production
The mirror dimension varies as a function of radius in the ATHENA optics. In
the inner radii of the optics, the mirrors reflect X-rays at the lowest grazing inci-
dence angle with respect to the full optics. This requires the minimum length of
the mirror to exceed the length of the X-ray beam footprint. At the outer radii, the
reflection angle is higher due to the geometry of the telescope. At higher grazing
incidence the footprint of the beam is shorter allowing the mirror plates a shorter
length.
A rough estimate of the mirror plate coating production has been calculated based
on the deposition parameters derived in the commissioning phase. The produc-
tivity estimate includes all aspects of the thin film deposition process from plate
mounting into the deposition chamber to plate dismounting. This includes nu-
merous steps that are presented in Table 5.8.
Process # Process step Process time per batch
(min)
1 Chamber preparation 19
1.1 Removal of dust particles 15
1.2 Inspect targets and magnetrons 4
2 Mounting 49
2.1 SPO substrates on carrier 42
2.2 Carriers in the chamber 7
3 Pump-down 240
3.1 Reach base pressure (<10−6 mbar) 240
4 Substrate cleaning 30
4.1 Plasma etching 30
5 Thin film deposition -
5.1 Achieve working gas pressure 2
5.2 Pre-sputtering 10
5.3 Deposition time see Table 5.9
6 Venting 10
6.1 Atmospheric pressure 10
7 Unmounting 49
7.1 Carriers from chamber 7
7.2 SPO substrates from carriers 42
TABLE 5.8: Estimated process times for the thin film deposition deposition performed in the ATHENA
coating facility.
The process duration of step 1, 3, 4 and 6 does not change as a function of the
mirror plate dimension. This was not the case for the remaining steps, in which
the number of mirrors that can be mounted per carriers differ. Fifteen seconds has
been appointed for placing a single mirror plate in the carrier and 30 seconds for
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placing the carrier inside the drum. By having a second set of carriers, operators
will be able to mount the mirror plates onto the carriers while the previous batch
is being processed.
The pre-sputtering process step was essential to avoiding contamination in the de-
posited films. By doing so, any oxidized layer on the target surface is removed.
Furthermore, the pre-sputtering process was key to obtain an optimal plasma sta-
bility prior film deposition.
The ATHENA optics baseline consists of 20 rows with the most recent mirror di-
mension design presented in Table 5.9. Several rows have a unique coating design
to optimize the effective area of the ATHENA mission. The proposed thin film
multilayer design consists of single bi-layers and linear graded multilayer thin
films. The optimized multilayer coating design was presented by Ferreira and
would improve the effective area at 6 keV by ∼46% compared to the single bi-
layer design [Ferreira, 2017].
The estimated coating production time is 332 days continuous production. This
does not include potential component failures in the coating facilities, which may
induce long delays in the production time due to lead times. Furthermore, the de-
mand of having operators working 24/7 is currently not planned for the ATHENA
flight production. Therefore, it is advised to have two operational coating cham-
bers in the flight production phase.
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TABLE 5.9: Flight production estimates of the coating deposition process. The numbers are based on
depositing the optimized multilayer design in the BS1500S.
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5.7 Chapter summary
A coating facility compatible with the requirements for the ATHENA mission was
established in the Netherlands, bringing together the coating facility and the stack-
ing facility.
The full duration from market research to commissioning of the coating facility
took three years. This included reviewing the deposition methods available to de-
posit the thin films, designing, fabricating and testing of the drum coating unit
and establishing a commissioning plan to perform an in-depth calibration of the
deposition process and the thin film quality.
The machine successfully fulfilled all the requirements stipulated by ESA. The
coating uniformity across the orthogonal direction to the coating direction was
better than 5% over 300 mm.
The impact of removing the collimation grid from the deposition process, was
shown. As a result, the coating uniformity along the vertical and horizontal di-
rection was significantly degraded.
Increasing the TSD in the deposition process increased the deposition rate of the
iridium material and decreased the deposition rate of the boron carbide material.
However, the coating uniformity along the vertical direction degraded with an in-
creasing TSD and, as a result of the impact on the uniformity, the shortest TSD was
selected.
The coating composition and stability was studied with XPS and XRR. The irid-
ium film was pure with a hydrocarbon over-layer. The iridium/boron carbide bi-
layer showed a low amount of oxygen contamination in the surface of the boron
carbide. Furthermore, the density of the boron carbide deposited in the BS1500S
drum coater suggested a more dense boron carbide film than the boron carbide
film deposited at DTU Space. The argument for this outcome is either that the dis-
charge voltage and deposition rate was significantly higher in the BS1500S deposi-
tion process or the boron carbide target composition before depositing the material
was different from the target material at DTU Space. A combination of the two is
also a possible explanation. The more dense boron carbide film, potentially, im-
proved the time-stability of the thin film and resulted in a wear resistant thin film
when exposed to the atmosphere. This was shown for two different boron carbide
film thicknesses (∼9 nm and ∼23 nm).
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An iridium/boron carbide bi-layer was exposed to the chemical procedure, nec-
essary, to achieve the bonded SPO stacks, and the result was promising. About
90% of the boron carbide remained on the iridium after exposure to the chemical
process. This is a promising result when compared to the top-layer of the linear
graded multilayer, in which only ∼20% of the boron carbide film remained.
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Chapter 6
Thesis conclusion
This work describes the efforts of the author to achieve the following thesis objec-
tives:
• Develop characterization strategies for analyzing iridium and boron car-
bide thin films
• Deposit an optimized linear graded Ir/B4C multi-layer coating on mirror
plates, which are then stacked and characterize the coating performance
• Study the composition and stability of iridium and boron carbide thin
films as well as the effect of reactively sputtering these materials
• Design, install, test and commission a new deposition chamber dedicated
for the ATHENA mission flight production and qualify the performance
of the iridium and boron carbide thin films deposited in it
Each of the objectives were partially/fully achieved during the thesis period,
within all objectives future works were identified (see Section 6.1).
This work described the establishment of a new coating facility comprising a
DC magnetron sputtering machine (BS1500S) compatible with the thin film coat-
ing requirements for the ATHENA mission. The BS1500S was designed, manu-
factured, tested and commissioned. High quality iridium and boron carbide thin
films were produced in the BS1500S and it was shown that the compositions of
the thin films were stabile with time. This was confirmed by the 8.047 keV XRR
data obtained both one week and nine months after deposition. The significance of
including the honey-comb collimation grid in the deposition process was demon-
strated. The surface roughness of the boron carbide films increased by a factor
of ∼2 with the exclusion of honey-comb collimation. The best-fit surface rough-
nesses of the iridium films were low < 0.3 nm regardless of including/excluding
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the honey-comb collimation.
A coating uniformity study was carried out employing more than 30 witness sam-
ples. The purpose was to map the coating uniformity across the horizontal and
vertical direction of the carrier to demonstrate a uniformity better than 5% across
300 mm in the vertical direction (ESA requirement). This requirement was fulfilled
by using a target-to-substrate distance of 105 mm and the sufficiently long mag-
netrons designed by Von Ardenne.
Parallel to the establishment of the ATHENA coating facility, systematic studies
were carried out for further development of iridium and boron carbide thin films
deposited using DC magnetron sputtering at DTU Space. The characterization
of the thin films was done by means of AFM, XPS and XRR (using two different
beam-lines). The XPS measurements were decisive to determine the composition
of the deposited thin films and complementary to the modeling of the XRR data.
Several models were considered and tested to describe the film structures. It was
shown that the boron carbide single layer films deposited in both facilities were
inadequately modeled by a single layer boron carbide structure with a nominal
density of 2.52 g/cm3. To obtain information about the true structure of the boron
carbide single layer film, it was necessary to include two or three layers of boron
carbide with varying density depending on the thickness of the boron carbide film.
Thicker films >10 nm were best modeled with the three layer structure.
An optimized linear graded iridium/boron carbide multilayer was produced and
characterized at the FCM beam-line. The best-fit parameters were in good agree-
ment with the design parameters with the exception of the boron carbide density.
As suggested by the XRR modeling, the density (∼1.9 g/cm3) was lower than nom-
inal density of boron carbide, which is explained by the plausible porosity of the
thin film.
Oxide states were revealed by means of XPS in the top surface of single layer boron
carbide films deposited at DTU Space. It was shown that the reflectivity was sig-
nificantly changed with time due to diffusion of oxygen into the porous films. De-
positing the boron carbide material reactively did change the composition, hence
the reflectivity of the film varied, indicating a thickness reduction with time.
The oxidation of the boron carbide was not observed in the thin films deposited
in the ATHENA coating facility, which is likely due to the growth of a more dense
boron carbide film in the new facility. It is unclear what the specific reason for this
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is and future studies are necessary to obtain a deeper understanding of this phe-
nomenon/finding.
This work shed light on the complexity of modeling boron carbide films and
the challenges of employing the material for X-ray optics technology. In a parallel
stream of effort, the coating technology developed at DTU Space was successfully
transferred into an industrial scale facility. Overall, the work conducted for this
thesis has led to an important milestone in the progress of the ATHENA mission.
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6.1 Future work
While some of the developed technologies have reached maturity now, others re-
main on preliminary test stages. The on-going development for the ATHENA coat-
ings requires the following:
Low energy thin film characterization. Based on the results obtained in the
modeling section it is key to characterize the thin films by means of XRR at low
energies ( < 2 keV). A soft X-ray beam-line (tuned to 1.5 keV) is currently under
manufacturing and planned for commissioning summer 2019. This beam-line will
deepen the understanding of the boron carbide composition and layer structure.
Stability studies. A preliminary study on the boron carbide exposure to chem-
icals, such as DMSO and SC-1 was demonstrated. The preliminary results indi-
cated that the thin films deposited in the ATHENA facility were wear resistant
when exposed to the chemical procedure, however further studies are required
to justify the stability of boron carbide films, hence the compatibility with the
ATHENA mission.
Systematic studies on the short- and long-term stability of boron carbide single
layer films deposited in the ATHENA coating facility are key for understanding
the potential structural evolution in the thin film.
Coating uniformity study. The coating uniformity was mapped for the irid-
ium material, hence the same experiment has to be carried out for the boron car-
bide material. A further improvement of the coating uniformity is key to simplify
the final calibration of the full optics module for ATHENA. This requires a design,
manufacture, installation and test of shields that will decrease the sputter flux in
the center of the magnetron, ultimately improving the coating uniformity.
Establishment of an additional coating facility. The estimated productivity
scheme for the ATHENA mirror flight production was presented, which showed
that a second DC magnetron sputtering unit is required for completing the mir-
ror flight production within the planned two years. With the foreseen mission
adoption (late 2021), it would be wise by ESA to prepare the practicalities with the
coating machine supplier of purchasing a new DC magnetron sputtering unit. The
lead-time for a second machine is likely in the order of 1 – 2 years.
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